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ABSTRACT 
 Chloroplast biogenesis is a complex developmental process that entails the 
conversion proplastids found in leaf meristems or etioplasts from dark grown seedlings, 
into fully functional, mature chloroplasts. Variegation mutants are excellent tools using 
which one can gain access into the poorly understood mechanisms governing chloroplast 
biogenesis.  
The Rodermel lab has been interested in characterizing the immutans (im) 
variegation mutant of Arabidopsis, one of the best-characterized chloroplast biogenesis 
mutants that defines the gene for the Plastid Terminal Oxidase (PTOX).  Over the years, 
we have focused our efforts in identifying second-site genetic suppressors of immutans to 
obtain mutants that can rescue the variegation phenotype in the im background by either 
replacing or bypassing the need for PTOX. 
My research work in the Rodermel lab has been primarily focused on the 
characterization of bypass suppressors of immutans. Two new bypass suppressors of 
immutans have been identified – gigantea and ef1A, both of which offer distinct 
photosynthetic compensatory mechanisms by which they rescue the variegation 
phenotype associated with immutans. gigantea suppresses variegation in immutans 
phenotype of immutans during the late stages of plant development through a complex 
signal transduction pathway involving crosstalk with hormones like cytokinins and GA. 
ef1A, instead, functions to delay chloroplast biogenesis in the im and hence rescues 
variegation in the im background. Suppression of the plastid defect in both imgi and 
imef1A is likely caused by a relaxation of excitation pressures in developing plastids by 
factors contributed either directly or indirectly by gi and ef1A. 
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Extending from my work on characterizing mechanisms regulating chloroplast 
biogenesis, I have also functionally characterized the first bona fide Arabidopsis 
chloroplast genome encoded antisense short ORF that plays an important role in 
regulating RNA processing events within the chloroplast genome.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
UNDERSTANDING 
CHLOROPLAST BIOGENESIS USING SECOND-SITE SUPPRESSORS OF 
immutans AND var2 
A paper published in Photosynthesis Research, 2013, 116: 437-453 
Aarthi Putarjunan, Xiayan Liu, Trevor Nolan, Fei Yu, Steve Rodermel 
Abstract  
 Chloroplast biogenesis is an essential light-dependent process involving the 
differentiation of photosynthetically competent chloroplasts from precursors that 
include undifferentiated proplastids in leaf meristems, as well as etioplasts in dark-
grown seedlings. The mechanisms that govern these developmental processes are 
poorly understood, but entail the coordinated expression of nuclear and plastid genes. 
This coordination is achieved, in part, by signals generated in response to the metabolic 
and developmental state of the plastid that regulate the transcription of nuclear genes 
for photosynthetic proteins (retrograde signaling). Variegation mutants are powerful 
tools to understand pathways of chloroplast biogenesis, and over the years our lab has 
focused on immutans (im) and variegated2 (var2), two nuclear gene-induced 
variegations of Arabidopsis. im and var2 are among the best-characterized chloroplast 
biogenesis mutants, and they define the genes for plastid terminal oxidase (PTOX) and 
the AtFtsH2 subunit of the thylakoid FtsH metalloprotease complex, respectively. To 
gain insight into the function of these proteins, forward and reverse genetic approaches 
have been used to identify second-site suppressors of im and var2 that replace or bypass 
the need for PTOX and AtFtsH2 during chloroplast development. In this review, we 
provide a brief update of im and var2 and the functions of PTOX and AtFtsH2. We 
   
 
 
 
2 
then summarize information about second- site suppressors of im and var2 that have 
been identified to date, and describe how they have provided insight into mechanisms 
of photosynthesis and pathways of chloroplast development. 
Introduction 
Higher plants contain different types of plastids, and plastid-type is dependent 
on cell- and tissue-type. All plastids are derived from pre-existing plastids, and plastids 
differentiate from one type into another in response to environmental and 
developmental cues. Chloroplasts develop from etioplasts when dark-grown seedlings 
emerge from the soil into the light (termed de-etiolation or greening), and also from 
undifferentiated proplastids in apical meristem tissues during leaf morphogenesis 
(Pogson and Albrecht 2011). Etioplasts contain prothylakoids and a large prolamellar 
body (PLB) that contains all the enzymatic machinery necessary for chlorophyll 
biosynthesis, and pathway inter- mediates up to protochlorophyllide (PChlide) are able 
to form in the dark. Upon illumination, PChlide is converted to chlorophyllide (Chlide) 
and the PLB is remodeled into thylakoid membranes that accumulate chlorophyll and 
carotenoid pigments, pigment–protein complexes and other components of the 
photosynthetic apparatus, many of which are already present at reduced levels in the 
etioplast (Blomquist et al. 2008; Kanervo et al. 2008). The development of chloroplasts 
from proplastids is thought to involve a similar suite of ordered synthesis and assembly 
processes as greening, but molecular studies of the pro- plastid-to-chloroplast 
conversion, especially in dicots, are difficult to perform due to a lack of temporal 
synchrony of plastid differentiation in cells of the developing leaf. In addition to 
exogenous and endogenous cues that coordinate gene expression in the nucleus and the 
plastid, such coordination is achieved by anterograde and retrograde regulatory traffic 
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between the nucleus and the organelle (reviewed in Pogson et al. 2008). Anterograde 
traffic refers to nuclear gene products that control the transcription and translation of 
plastid genes, whereas retrograde traffic involves the transmission of signals from the 
plastid to the nucleus that regulate the transcription of nuclear genes for plastid 
proteins. The latter pathways are poorly understood, but there is broad agreement that 
they are elicited in response to a variety of plastid factors, including proteins, reactive 
oxy- gen species (ROS), metabolites, and perhaps most importantly, heme (Woodson et 
al. 2011; Terry and Smith 2013). 
Variegation mutants provide an excellent system to gain insight into the poorly 
understood mechanisms of chloroplast biogenesis (reviewed in Yu et al. 2007; Liu et al. 
2010b; Foudree et al. 2012). These mutants have green and white sectors due to the 
action of defective nuclear genes that are present in all cells of the mutant. Nearly all 
cases of variegation of this type are inherited in a Mendelian recessive fashion. They 
stand in contrast to variegations where the green and white sectors have different 
nuclear genotypes, for instance as a consequence of transposable element 
insertion/excision events, where insertion into a gene required for chloroplast 
biogenesis causes loss of function (white sectors) and excision restores function (green 
sectors). Research in our lab focuses on the former type of nuclear gene-induced 
variegations, using Arabidopsis as a model system, and our research has been guided 
by two questions. First, what is the nature of the gene product defined by the 
variegation locus? Here, the goal is to isolate the gene and understand the function of 
the gene product, including its role in chloroplast biogenesis. And second, how do the 
green cells bypass the requirement for the defective gene product? Addressing this 
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question provides insight into pathways and regulatory networks of chloroplast 
biogenesis in which the gene product is involved. 
For a number of years, we have concentrated on the immutans (im) and 
variegation2 (var2) mutants of Arabidopsis (Fig. 1). These are among the best-
characterized mutants perturbed in the early events of chloroplast bio- genesis 
(reviewed in Liu et al. 2010b; McDonald et al. 2011; Foudree et al. 2012). IMMUTANS 
codes for the plastid terminal oxidase (PTOX), whereas VAR2 codes for AtFtsH2, a 
subunit of the plastid FtsH metalloprotease complex. The purpose of this manuscript is 
to provide an overview and update of im and var2 and of the biochemical and 
physiological functions of PTOX and FtsH. A second goal is to describe how these 
mutants are being employed to gain insight into pathways of chloroplast biogenesis. 
This is primarily being accomplished by the isolation and characterization of genetic 
second-site suppressors. Suppressor analysis involves the isolation of mutations that 
suppress the variegation phenotypes of im and var2, giving rise to non-variegated 
plants. Often the suppressor mutations define factors that replace the function of the 
original mutant gene product, while others define bypass factors and pathways. We 
show that suppressor analysis is a powerful tool to understand the regulation of 
photosynthesis and mechanisms of chloroplast biogenesis. 
immutans and PTOX 
Green–white leaf variegation in the immutans (im) mutant of Arabidopsis is 
caused by a nuclear recessive gene, and the green and white sectors have a uniform 
im/im genotype (Rédei 1963, 1967; Röbbelen 1968). Whereas the green sectors have a 
wild type pigment composition and contain morphologically normal chloroplasts, 
plastids in the white sectors are vacuolated, lack lamellar structures and accumulate the 
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colorless, C40 carotenoid intermediate, phytoene (Wetzel et al. 1994). This indicates 
that im is impaired in the activity of phytoene desaturase (PDS), which converts 
phytoene to ζ-carotene in an early step of the carotenoid biosynthetic pathway 
(Cazzonelli and Pogson 2010). Since PDS is a single copy gene in Arabidopsis, the 
most plausible explanation for this block is that the white sectors contain photooxidized 
plastids that arise from lack of production of downstream, colored carotenoids essential 
for photoprotection. Consistent with this interpretation, the extent of white sector 
formation in im is promoted by high light (Rédei 1963,1967; Ro ̈bbelen1968; Wetzel et 
al. 1994; Rosso et al. 2009); as in other carotenoid mutants, the higher the light 
intensity perceived by the developing plastid, the greater the amount of photooxidation 
and white sector formation (Mayfield and Taylor 1984; Oelmüller 1989). 
IMMUTANS was cloned by map-based and T-DNA tagging methods, and it was 
identified as the gene for a plastid membrane protein (IM) that is distantly related to 
alternative oxidase (AOX), a terminal oxidase involved in the alternative (cyanide-
resistant) pathway of respiration in the inner mitochondrial membrane (Carol et al. 
1999; Wu et al. 1999). AOX is a quinol oxidase that transfers electrons from ubiquinol 
to molecular oxygen, forming ubiquinone and water. It plays a central role in sensing 
cellular redox balance (McDonald 2008). Like AOX, IM has quinol oxidase activity in 
vitro and in vivo, except that the substrate is plastoquinol rather than ubiquinol 
(reviewed in McDonald et al. 2011). The finding that IM is a terminal oxidase led to its 
early designation as PTOX (Kuntz 2004). 
The phytoene-accumulation phenotype of im provided the first evidence that 
PTOX is involved in carotenogenesis, and the demonstration that PTOX has terminal 
oxidase activity led to the proposal that it serves as the terminal oxidase of an oxygen-
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dependent redox pathway that desaturates phytoene (Carol et al. 1999; Wu et al. 1999). 
The existence of such a pathway had long been suspected, but the identity of a terminal 
oxidase in this pathway was unknown until the discovery of PTOX. A single CrtI-type 
desaturase carries out the multiple desaturase reactions that occur at the beginning of 
the carotenoid pathway in archaea, non-photosynthetic bacteria, and fungi, but in 
cyanobacteria and plastids this enzyme has been replaced by two closely related 
desaturases: PDS, which carries out the first two desaturations (phytoene to phytofluene 
to ζ-carotene), and ZDS (ζ-carotene desaturase), which carries out the next two 
desaturations (ζ-carotene to neurosporene to lycopene) (Sandmann 2009). It is currently 
thought that electrons from these reactions are transferred to the plastoquinone (PQ) 
pool, forming plastoquinol (PQH2), and from there to molecular oxygen via PTOX, 
forming water and PQ (reviewed by McDonald et al. 2011) (Fig. 2). Thylakoids of 
developing im plastids have over-reduced PQ pools (Rosso et al. 2009), and if this 
pathway is correct, the accumulation of phytoene can be explained by a decreased 
supply of PQ available to PDS and/or because electron transfer from phytoene to an 
over-reduced PQ pool is not energetically favorable. 
It is important to point out that the amino acid similarity (~37 % identity) of 
PTOX to AOX is confined to the active site region which contains conserved sequences 
for di-iron binding (Fu et al. 2005, 2009). Both protein are also predicted to have 
similar overall conformations and have been modeled as interfacial membrane proteins 
composed of four helix bundles that contain the active site; these bundles protrude from 
one leaflet of the membrane into the stroma (for PTOX) or the matrix (for AOX) 
(Berthold and Stenmark 2003). This has recently been confirmed by determination of 
the crystal structure of the trypanosomal AOX (Shiba et al. 2013). Of relevance to the 
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suppressor experiments, described below, phylogenetic analyses have shown that the 
two proteins likely diverged from a primitive oxygen reductase that scavenged di-
oxygen in the highly reducing atmosphere of early life on earth (Gomes et al. 2001). 
The ancestral PTOX and AOX genes subsequently evolved in the prokaryotic ancestors 
of chloroplasts and mitochondria, respectively, prior to their transfer to the nucleus 
during endosymbiosis (Bock and Timmis 2008). Following transfer, the two proteins 
became targeted back to their originating compartments in a process that Bogorad has 
described as ‘‘churning’’, during which transferred symbiont genes were tested 
multiple times for optimal function in different compartments of the evolving 
eukaryotic cell (Bogorad 2008). If this hypothesis is correct, there must have been 
strong evolutionary pressure for the retention of AOX and PTOX in mitochondria and 
chloroplasts, respectively, perhaps because they had become optimized for function in 
these compartments by the acquisition of unique domains, modes of regulation and 
substrate specificity that made them unsuitable for optimal function in other 
compartments (Fu et al. 2005, 2009; McDonald 2008). 
PTOX is ubiquitously expressed in Arabidopsis, and PTOX expression is high 
in some tissues that accumulate low levels of carotenoids (Aluru et al. 2001). 
Consistent with the expression patterns, several types of plastids have abnormal 
morphologies in im, and im seedlings have a reduced growth rate and are smaller than 
normal (Fig. 3) (Aluru et al. 2001). These observations suggest that PTOX plays an 
important role in non-green plastids as well as chloroplasts, and that its activity is not 
limited to the desaturation steps of carotenogenesis. In fact, it is becoming clear that 
PTOX is a versatile quinol oxidase that lies at the intersection of a growing number of 
vital redox pathways within plastids (reviewed in McDonald et al. 2011; Foudree et al. 
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2012). In addition to carotenogenesis, these include chlororespiration (non-
photochemical reduction of the PQ pool), which involves the transfer of electrons from 
NAD(P)H (and/or ferredoxin) to PQ via a thylakoid NAD(P)H dehydrogenase (NDH) 
complex, and from PQH2 to molecular oxygen via PTOX (Peltier and Cournac 2002; 
Rumeau et al. 2007; Kramer and Evans 2011; Peng et al. 2012) (Fig. 2). One function 
of chlororespiration is to help poise the redox state of the PQ pool during cyclic 
electron flow (CEF) around PSI (Trouillard et al. 2012). PTOX also mediates 
chromorespiration, the analogous process in chromoplasts (carotenoid-storing plastids) 
(Josse et al. 2000; Barr et al. 2004; Rodrigo et al. 2004; Shahbazi et al. 2007). 
Early experiments suggested that PTOX serves as a safety valve to dissipate 
excess electrons during stress (Niyogi 2000), thereby preventing over-reduction of 
photosynthetic electron carriers and protecting PSI and PSII from photodamage (Aro et 
al. 1993; Allahverdiyeva et al. 2005). The safety valve hypothesis has since received 
support from studies in a number of diverse systems, perhaps most prominently from 
experiments with extremophile plants and photosynthetic microorganisms (reviewed in 
McDonald et al. 2011; Foudree et al. 2012). In Arabidopsis, PTOX does not appear to 
play a regulatory role during steady state photosynthesis (Rosso et al. 2006), but it does 
act as a safety valve under stress conditions of low temperature and high light, when it 
protects the photo- synthetic apparatus against both PSII and PSI photoinhibition 
(Ivanov et al. 2012). PTOX is also a central regulator of thylakoid redox and PSII 
excitation pressure in Arabidopsis during early chloroplast biogenesis, when 
components of the photosynthetic electron transport chain (PETC) are synthesized and 
assembled, prior to the acquisition of fully functional electron transport chains (Rosso 
et al. 2009). The latter studies indicate that PTOX activity is necessary to modulate the 
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redox state of the PQ pool when downstream components of the PETC are not yet 
present or active. The Arabidopsis findings have recently been confirmed in tomato in 
experiments where the kinetic properties of PTOX were determined in vivo under 
various environmental and developmental conditions (Trouillard et al. 2012). 
Mechanism of im variegation 
A threshold model was early proposed to explain the mechanism of im 
variegation (Wetzel et al. 1994). This model was based, first, on the observation of 
heteroplastidic cells in im, which suggested there is a degree of independence (plastid 
autonomy) in the development of plastid phenotype in the im background, and second, 
on ultrastructural observations showing that chloroplasts in the green sectors are 
morphologically similar to one another, as are abnormal plastids in the white sectors, 
i.e., there do not appear to be intermediate plastid phenotypes (Wetzel et al. 1994). A 
further assumption of the model is that attainment of the threshold is important during 
chloroplast biogenesis in the developing leaf primordium, and thus the pattern of 
chaotic sectoring in the mature leaf is a consequence of the pattern of dicot leaf 
development, which involves chloroplast and cell divisions early in development and 
primarily leaf expansion later in development (Pyke et al. 1991; Robertson et al. 1995). 
Our current working hypothesis of the mechanism of im variegation is based on 
the finding that white sector formation in im is positively correlated with excitation 
pressures during the greening of etiolated seedlings (Rosso et al. 2009). Excitation 
pressure is a relative measure of the reduction state of QA, the first stable electron 
acceptor of PSII (Dietz et al. 1985; Huner et al. 1998), and in the experiments of Rosso 
et al. (2009) it was modulated by light and/or temperature. Given these findings, the 
current model of variegation proposes that above-threshold excitation pressures 
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predispose developing plastids to photooxidation, whereas im plastids with below-
threshold excitation pressures develop into normal chloroplasts. It is further assumed 
that excitation pressures vary from plastid- to-plastid in the developing leaf primordium 
because of intrinsic differences in plastid biochemistry caused, for example, by 
gradients in the leaf of light and CO2, and of determinants of light capture and use 
(Smith et al. 1997). In sum, our model is based on the assumption that higher than 
normal excitation pressures arise because PTOX is required by some, but not all, 
developing plastids to modulate excitation pressures such that they are compatible with 
normal thylakoid membrane biogenesis. While the model is consistent with the idea 
that photooxidation plays a role in producing white plastids, the data are not 
incompatible with the notion that damaged membranes also arise in developing plastids 
because of a lack of carotenoid accumulation per se, since carotenoids are required for 
membrane stability (Santabarbara et al. 2013). 
Rationale of second-site suppressor analyses 
Given that all cells in im have a uniform mutant phenotype (im/im), it has been 
proposed that green sectors arise from plastids that escape the deleterious effects of the 
im mutation early in chloroplast biogenesis by the action of compensating factors that 
affect excitation pressure thresholds, directly or indirectly (McDonald et al. 2011; 
Foudree et al. 2012). Therefore, given the existence of null im alleles (Carol et al. 1999; 
Wu et al. 1999), an attractive strategy to identify compensating factors is to isolate 
second-site suppressors of im variegation. The rationale of this approach is that 
suppressor genes will define elements and/ or processes capable of substituting for or 
bypassing the requirement for PTOX activity during chloroplast biogenesis. One 
advantage of this approach is that such factors might not be easily accessed by other 
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means because of low abundance, developmental-, stage-, tissue-, and/or cell- specific 
expression, lability, or functional redundancy. Representatives of both types of second-
site suppressors have been reported: ones that replace PTOX activity (AOX2 and 
AOX1a) (Fu et al. 2012), and ones that bypass the need for PTOX activity (Arabidopsis 
pgr5 and crr2 mutants) (Okegawa et al. 2010). These suppressors will be described 
briefly. 
AOX2 and AOX1a are suppressors of im variegation 
Our lab has conducted EMS and activation tagging mutagenesis of im and 
screened for suppressor lines with a non-variegated phenotype. To date several 
suppressors have been isolated, and molecular characterization of one activation-tagged 
suppressor line (designated ATG791) has been reported (Fu et al. 2012). This line is 
all-green and, surprisingly, carries an activation-tagged (overexpressed) version of 
mitochondrial AOX2 (Fig. 3). The tagged gene contains its own promoter and organelle 
targeting elements, but has an upstream enhancer composed of four CaMV 35S 
enhancer repeats (Weigel et al. 2000). The tagging experiments were verified by 
overexpressing a full- length AOX2 cDNA in im using the CaMV 35S promoter (Fig. 
3). 
Arabidopsis contains five members of the AOX gene family (AOX1a–d and 
AOX2), all of which have been localized in mitochondria (Saisho et al. 1997; Clifton et 
al. 2006; Winter et al. 2007; Polidoros et al. 2009). AOX2 is a low abundance, seed-
specific member of this family (Saisho et al. 2001). Our experiments revealed that 
AOX2 is targeted to chloroplast thylakoids in the im suppressor line (ATG791), where 
it reduces excitation pressures and abolishes the phytoene-accumulation defect of im, 
restoring carotenoid biosynthesis to normal. Chloroplast biogenesis is also rescued in 
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these plants. Identical results were obtained when AOX1a (the most abundant AOX 
family member) was re-engineered to target the plastid (Fu et al. 2012). Collectively, 
these results suggest that AOX2 is a dual-targeted protein that functions in plastids to 
supplement PTOX activity during the early events of chloroplast biogenesis. We have 
considered the alternative possibility that suppression of variegation, at least in the 
AOX2 lines, is caused by a relaxation of excitation pressures in developing im 
thylakoids caused by enhanced AOX2 activities in mitochondria. In fact, AOX-
mediated effects on chloroplast redox are well documented via such mechanisms as the 
malate/oxaloacetate shuttle (Scheibe 2004; Yoshida et al. 2007; Noguchi and Yoshida 
2008; Foyer and Shigeoka 2011). Against this hypothesis, over- expression of AOX1a 
in mitochondria does not rescue the im phenotype, nor does it relax excitation pressures 
in im (Fu et al. 2012). This makes it unlikely that suppression of variegation in the 
AOX2 suppressor lines is due to mitochondrial–plastid interactions. 
The capacity of AOX1a to substitute for PTOX in the correct physiological and 
developmental contexts provides a dramatic example of the ability of a mitochondrial 
protein to replace the function of a chloroplast protein, and illustrates the plasticity of 
the photosynthetic apparatus. This is all the more remarkable given the striking 
differences in regulation and phylogenetic distance between AOX and PTOX, 
discussed earlier (McDonald et al. 2011; Fu et al. 2012). In this context, the question of 
substrate specificity might be highlighted. Although PTOX has a stringent requirement 
in vitro for plastoquinol (Josse et al. 2003), it has been an open question whether AOX 
is able to utilize substrates other than ubiquinol (McDonald 2008). A striking 
implication of our studies is that AOX1a and AOX2 are able to employ plastoquinol as 
a substrate in planta for the desaturation reactions of carotenogenesis. This might not be 
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surprising for AOX2, whose active site might have been engineered by evolution to 
function in both chloroplasts and mitochondria. However, the ability of AOX1a—
present only in mitochondria—to utilize plastoquinol in thylakoids suggests that it 
displays a certain amount of flexibility in its substrate requirements. 
pgr5 and crr2-2 suppress im variegation 
ATP and NADPH production are tightly regulated during linear electron flow 
(LEF) (reviewed in Rochaix 2011; Kramer and Evans 2011; Foyer et al. 2012). 
However, the ratio of ATP/NADPH is too low to maintain the energy requirements of 
metabolism (primarily CO2 fixation), as well as of ATP-intensive processes that are 
required during environmental stress (Kramer et al. 2004). There are several 
mechanisms that enhance ATP production, one of which is CEF around PSI (Shikanai 
2007). CEF contributes to ΔpH formation across the thylakoid, but not to NADPH 
accumulation, thus pro- viding a way of manipulating ATP/NADPH ratios. Although 
controversial, there appear to be at least three pathways of CEF in plants (Fig. 2). These 
paths have the same mechanism of transfer from the PQ pool to PSI via the cytochrome 
b6/f complex and plastocyanin, but different mechanisms of electron transfer from PSI 
to the PQ pool. The latter transfer events are mediated by Fd-PQ oxidoreductase 
(FQR), Fd:NADP+ reductase (FNR), or NADPH dehydrogenase (NDH) (summarized in 
Rumeau et al. 2007; Rochaix 2011; Kramer and Evans 2011; Foyer et al. 2012). 
To examine the control that PTOX exerts on CEF, the Shikanai group generated 
double and triple mutants between im and mutants perturbed in different pathways of 
CEF: crr2-2 (chlororespiratory reduction) (Hashimoto et al. 2003) and pgr5 (proton 
gradient regulation5) (Munekage et al. 2002). The pgr5 mutant is defective in electron 
transport, and it has a reduced ΔpH, an over-reduced stroma (a decreased ATP/NADPH 
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ratio), and an oxidized P700+ (Munekage et al. 2002; DalCorso et al. 2008; Okegawa et 
al. 2007). It also has a loss of qE, the major component of non-photochemical 
quenching (NPQ, or the thermal dissipation of excess absorbed light energy in the light-
harvesting antenna of PSII) (Foyer et al. 2012). Recent evidence suggests that pgr5 
affects the FQR path- way indirectly (reviewed in Kramer and Evans 2011). The crr2-2 
mutant, on the other hand, is defective in NDH activity due to aberrant expression of 
the plastid ndhB gene (Hashimoto et al. 2003); it has photosynthetic characteristics 
similar to pgr5 (Okegawa et al. 2010). 
The crosses showed that variegation in im can be sup- pressed by loss of PGR5 
or CRR2 in double mutants (crr2-2/im; pgr5/im) or in the triple mutant (crr2-
2/pgr5/im) (Okegawa et al. 2010). The suppression of im variegation by crr2-2 and 
pgr5 can be explained by reduced excitation pressures during early chloroplast 
development as a con- sequence of decreased flux of electrons into the PQ pool of im in 
the absence of NDH and/or PGR5. The converse suppression of the photosynthetic 
defects in crr2-2 and pgr5 by im is more problematic to explain, but altered 
ATP/NADPH ratios could arise by a number of mechanisms that might be activated in 
the double mutants, such as the water–water cycle. Although the precise mechanisms 
need to be investigated, these experiments clearly showed that interactions occur 
between PTOX and CEF. 
var2 and FtsH 
The first published work on the Arabidopsis var2 variegation mutant was by 
Martinez-Zapater (1993), who mutagenized Arabidopsis seeds with EMS and isolated 
several recessive, nuclear gene-induced variegations, two of which turned out to be 
alleles of a locus he designated VARIEGATED2 (VAR2); the alleles were called var2-
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1 and var2- 2. We later found that two X-ray-induced variegations isolated by Rédei in 
the 1950s (‘‘yellow variegated’’ and ‘‘greener immutans’’) were allelic to var2 
(designated var2-4 and var2-5, respectively) (Chen et al. 1999). To date, at least 13 
unique alleles of var2 have been characterized at the molecular level (summarized in 
Liu et al. 2010b). All are inherited in a Mendelian recessive fashion. 
All normally green tissues and organs of var2, except for cotyledons, are 
variegated, and it has been proposed that the green sectors arise from white sectors 
during early leaf expansion (Kato et al. 2007; Sakamoto et al. 2009). However, sector 
formation is irreversible in the mature leaf (Martinez-Zapater 1993; Chen et al. 1999). 
The extent of white sector formation in var2 can be modulated by developmental 
factors and environmental cues, such as light and temperature (Martinez-Zapater1993; 
Chen et al. 1999; Sakamoto et al. 2004; Zaltsman et al. 2005a; Rosso et al. 2009). 
Whereas chloroplasts in the green sectors have normal anatomies, their molecular 
phenotypes differ somewhat from wild type with respect to protein and ROS 
composition (Sakamoto 2003; Yu et al. 2004, 2005; Kato et al. 2009; Miura et al. 
2010). Plastids in the white sectors, on the other hand, are devoid of organized 
lamellae, but contain vacuoles, numerous plastoglobuli, and large chloroplast DNA-
containing nucleoids (Chen et al. 1999; Kato et al. 2007; Sakamoto et al. 2009). Like 
immutans, cells in the white sectors can be heteroplastidic for abnormal plastids and 
rare, normal-appearing chloroplasts (Chen et al. 1999); as mentioned earlier, this 
heterogeneity probably reflects intrinsic differences in plastid biochemistry. Sources of 
heterogeneity relevant to the mechanism of var2 variegation might include variable 
concentrations of substrates and metabolites required for VAR2 function, as well as 
variable amounts of the various FtsH isoforms (described below). 
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Molecular characterization of VAR2 revealed that it encodes an FtsH-like 
metalloprotease (designated VAR2/ AtFtsH2) (Chen et al. 2000; Takechi et al. 2000). 
VAR2/ AtFtsH2 is anchored by a single transmembrane domain in thylakoids, with its 
bulky C-terminus facing the stroma (Rodrigues et al. 2011). VAR2/AtFtsH2 is one of 
12 members of a small family of AtFtsH genes in Arabidopsis (reviewed in Liu et al. 
2010b). This family includes four highly conserved gene pairs whose products are 
targeted to plastid or mitochondrial membranes. Members within two of these pairs are 
functionally interchangeable and interact with one another to form large homo- and 
heterocomplexes in thylakoids, as detected by sucrose gradients and gel filtration 
experiments (Sakamoto 2003; Yu et al. 2004, 2005). These proteins are designated 
Type A (AtFtsH1 and VAR1/AtFtsH5) and Type B (VAR2/AtFtsH2 and AtFtsH8) (Yu 
et al. 2004; Zaltsman et al. 2005b). Whereas Type A or Type B subunits can substitute 
for one another, Type A subunits cannot substitute for Type B subunits (and vice 
versa), arguing that the two subunit types have different functional and/or structural 
roles in FtsH complexes. 
Interactions among the Type A and Type B proteins have been detected 
immunologically (Sakamoto 2003; Yu et al. 2005), and the ratio of Type A to Type B 
isomers in FtsH complexes is ~1:1 (Yu et al. 2004; Zhang et al. 2010). Consistent with 
the formation of multimeric complexes with a fixed stoichiometry of subunits, there are 
coordinate reductions in the amounts of Type A and Type B subunits in var2, var1 
(lacking AtFtsH5), and in antisense plants with decreased AtFtsH1 (Sakamoto 2003; 
Yu et al. 2004; Shen et al. 2007). In addition, in the absence of either type of subunit 
(e.g., in var1 var2 double mutants), no active complexes accumulate (Zaltsman et al. 
2005b). It has been proposed that subunit stoichiometry is controlled either at the 
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translational level or by post- translational degradation of excess subunits (reviewed in 
Liu et al. 2010b). Knockout alleles of VAR2/AtFtsH2 and of VAR1/AtFtsH5 are 
variegated, while knockout alleles of the other AtFtsH genes lack a readily observable 
phenotype (Sakamoto et al. 2002; Sakamoto 2003; Liu et al. 2010b). VAR2/AtFtsH2 
and VAR1/AtFtsH5 are also the most abundantly expressed AtFtsH isoforms (Sinvany-
Villalobo et al. 2004), perhaps explaining the more severe phenotypes of var2 and var1 
versus knockouts of the other isoforms. It might be noted that the leaf variegation 
phenotype associated with reduced chloroplast FtsH activity is not limited to 
Arabidopsis, and has been observed in tobacco through the silencing of a 
VAR2/AtFtsH2 homolog (Kato et al. 2012a). 
In Escherichia coli, FtsH has both chaperone and pro- tease activities, and it has 
many substrates and is involved in a number of processes, including protein quality 
control (Ito and Akiyama 2005). In chloroplasts, the most thoroughly studied function 
of FtsH is its involvement in the PSII repair cycle, where it degrades photooxidatively 
damaged D1 proteins (Kato et al. 2009, 2012b). FtsH has also been implicated in 
turnover of unassembled Rieske Fe–S proteins in the cytochrome b6/f complex 
(Ostersetzer and Adam 1997), and the AtFtsH6 isoform participates in degradation of 
LHCII (light-harvesting complex of PSII) (Zelisko et al. 2005). Other processes where 
FtsH is involved include thermotolerance (Chen et al. 2006), phytochrome A signal 
transduction (Tepperman et al. 2001), the N-gene-mediated hypersensitive response 
against tobacco mosaic virus infection (Seo et al. 2000), chloroplast development 
(Chen et al. 1999; Zaltsman et al. 2005a), and perhaps membrane fusion and 
translocation events (Hugueney et al. 1995; Chen et al. 2000). 
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Similar to immutans, a threshold hypothesis has been proposed to explain the 
mechanism of variegation in var2 (Yu et al. 2004, 2007); it has received considerable 
support (Zaltsman et al. 2005b; Kato et al. 2007; Zhang et al. 2010). This hypothesis 
has several assumptions: (1) plastid FtsH activities depend on the formation of FtsH 
complexes with stoichiometric amounts of Type A and Type B subunits; (2) wild type 
amounts of FtsH are in excess under non-stress conditions; (3) a deficiency of one 
subunit is not normally compensated for by increased expression of its phylogenetic 
partner; and (4) unassembled subunits do not accumulate, either because of turnover or 
because they are not translated (Sakamoto 2003; Yu et al. 2004). Given these 
assumptions, it is proposed that normal chloroplast biogenesis depends on the 
attainment of above-threshold activities of FtsH, while plastids with below-threshold 
activities form white plastids due to defects in development that include high excitation 
pressures (Rosso et al. 2009). Although it would be anticipated that high excitation 
pressures result in plastid photooxidation, a loss of FtsH could also cause other plastid 
defects that compromise chloroplast biogenesis (Zaltsman et al. 2005a). Regardless of 
the precise mechanism, our current model envisions that a loss of either 
VAR2/AtFtsH2 or AtFtsH8 reduces the pool size of functional Type B subunits (with 
coordinate reductions in the pool size of Type A subunits), but that a loss of 
VAR2/AtFtsH2 causes a more severe phenotype than loss of AtFtsH8 because it is 
more abundantly expressed (Yu et al. 2004). Consequently, a complete loss of 
VAR2/AtFtsH2 results in below-threshold FtsH activities and hence variegated leaves 
are generated, whereas loss of AtFtsH8 reduces FtsH complex accumulation, but not to 
below-threshold levels, thus normal-appearing chloroplasts and leaves are formed. 
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A second cornerstone of the threshold hypothesis is that some plastids in var2 
are able to attain above-threshold FtsH activities and develop into normal-appearing 
chloroplasts, despite the catastrophic loss of VAR2. Similar to immutans, we have 
suggested this is due to plastid heterogeneity and the ability of some, but not all, 
plastids to compensate for the var2 defect. To gain insight into compensating 
factors/processes, var2 has proven to be particularly amenable to second-site 
suppressor analysis. These experiments have involved both the targeted testing of 
individual genes and genetic screens using both EMS mutagenesis and activation 
tagging (T-DNA) insertional mutagenesis (reviewed in Liu et al. 2010b). These 
approaches have led to the identification of a number of suppressors, both dominant 
and recessive. 
Dominant suppressors of var2 
Two cases of dominant suppression of var2 variegation have been reported. The 
first is AtFtsH8: the finding that AtFtsH8 and VAR2/AtFtsH2 are interchangeable in 
FtsH complexes, mentioned above, is based on experiments showing that 
overexpression of AtFtsH8 rescues the variegation phenotype of var2, and restores 
thylakoid FtsH to wild type levels (Yu et al. 2004). Mechanistically, suppression occurs 
in a dominant fashion because AtFtsH8 is able to functionally substitute for 
VAR2/AtFtsH2. In this context it is interesting that a proteolytically inactive form of 
VAR2/AtFtsH2 also acts as a suppressor of var2, similar to complementation by the 
wild type protein (Chen et al. 2000; Zhang et al. 2010). The mutant version of VAR2/ 
AtFtsH2, which lacks the zinc-binding site required for catalysis, was also able to 
rescue var2 atftsh8 double mutants. Collectively, these data indicate that the protease 
activity of Type B subunits (VAR2/AtFtsH2 and AtFtsH8) is dispensable in FtsH 
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complexes, and suggests further that protease sites are in excess in FtsH complexes, 
where they function redundantly rather than coordinately, as in E. coli. 
A second case of dominant suppression comes from studies of G protein 
signaling in Arabidopsis, where it was found that overexpression of GPA1 (the G 
protein α-subunit) suppresses var2 variegation, perhaps by enhancing AtFsH gene 
transcription and protein accumulation in the plastid (Zhang et al. 2009). 
Overexpression of GPA1 can also rescue the variegation phenotype of thf1 (Wang et al. 
2004), which defines the gene for thylakoid formation1 (THF1), also called Psb29, a 
thylakoid protein involved in PSII biogenesis in cyanobacteria and Arabidopsis (Keren 
et al. 2005). Interestingly, THF1 is also found in the outer plastid membrane, where it is 
able to interact in vivo with GPA1, and in addition, thf1 mutants interact genetically 
with var2 in a manner that suggests THF1 and FtsH are on the same pathway (Huang et 
al. 2006). Taken together, these observations suggest a model of var2 variegation 
suppression whereby plastid defects (such as those found in var2) are sensed by 
envelope-bound THF1, and this causes an interaction to occur between THF1 and 
GPA1. This interaction, in turn initiates a retrograde signaling pathway that results in 
upregulation of AtFtsH gene expression (Zhang et al. 2009). This model is intriguing, 
but has yet to receive experimental support. 
Recessive var2 suppressors 
The first reported var2 suppressor was cloned by map- based methods from an 
EMS-generated line, and it was identified as a recessive allele of the nuclear gene for 
ClpC2/Hsp100, a member of the chloroplast ClpC/HSP100 family of ATPases 
associated with diverse cellular activities (AAA) + proteins (Park and Rodermel 2004). 
ClpC2 is a component of the Clp protease, the most abundant soluble protease in 
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plastids, and in concert with ClpC1 (its partially redundant partner), it mediates the 
ATP-dependent unfolding of proteins targeted for degradation in the proteolytic Clp 
core (Kovacheva et al. 2007; Olinares et al. 2011). ClpC2 and ClpC1 also provide the 
driving force for pre-protein translocation through the Tic complex of the chloroplast 
envelope (Flores-Pérez and Jarvis 2013; Sjögren et al. 2014). clpC2 knockout mutants 
resemble wild type, and clpC2 is epistatic to var2 (Constan et al. 2004; Park and 
Rodermel 2004). Of relevance to the discussion below, clpC2 and clpC2/var2 
suppressors do not have apparent defects in chloroplast translation or chloroplast rRNA 
processing (Yu et al. 2008). Although it is unclear how a loss of ClpC2 compensates 
for loss of VAR2, these experiments were the first demonstration that suppressor 
analysis is a powerful tool to gain entrance into the complex network of interactions 
between chloroplast chaperones and proteases. 
Interestingly, the majority of var2 suppressor genes that have been 
characterized code for components of the chloroplast translation machinery or related 
processes such as chloroplast rRNA modification and processing (reviewed in Liu et al. 
2010b). In general, these suppressors are characterized by a defective chloroplast 
translation syndrome that includes reduced chloroplast translation, reduced chloroplast 
protein accumulation and defects in chloroplast rRNA processing (Fig. 4). The rRNA 
defects differ from mutant-to-mutant and can be readily detected via RNA gel blot 
analysis. Some of the suppressors also have elevated chloroplast mRNA levels. 
Although this syndrome has not been fully characterized in all mutants, this class of 
suppressors is thought to include the following genes (summarized in Table 1). 
1. Suppressor of variegation1 (SVR1) SVR1 was isolated by activation tagging (Yu 
et al. 2008) and it codes for a chloroplast-localized pseudouridine synthase, which 
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isomerizes uridine to pseudouridine in many non- coding RNAs. svr1 mutants are pale 
green and display all the traits of the defective chloroplast translation syndrome 
described above. svr1 is fully epistatic to var2.  
2. Suppressor of variegation2 (SVR2) was isolated by activation tagging (Yu et al. 
2008). It encodes ClpR1, a non-proteolytic subunit of the ClpP core complex (Olinares 
et al. 2011). clpR1 mutants have a virescent (delayed-greening) phenotype, in which 
leaves turn from yellow to green during the course of their development. These mutants 
also have defects in rRNA processing and reduced chloroplast protein accumulation, 
but normal chloroplast mRNA levels (Koussevitzky et al. 2007b; Yu et al. 2008). clpR1 
is epistatic to var2.  
3. clpC1 is epistatic to var2 and completely suppresses var2 variegation (Yu et al. 
2008). clpC1 knockouts are pale green and have defects in chloroplast rRNA 
processing (Yu et al. 2008), reduced thylakoid membrane formation and decreased 
photosynthetic rates (Park and Rodermel 2004; Sjögren et al. 2004; Constan et al. 2004; 
Kovacheva et al. 2005). They are also impaired in precursor import into the plastid 
(Kovacheva et al. 2005; Flores-Pérez and Jarvis 2013). clpC1 knockouts have a more 
severe phenotype than the clpC2 knockouts described above, likely because ClpC1 
constitutes 90 % of the ClpC pool in chloroplasts (ClpC1 + ClpC2) (Sjögren et al. 
2013). ClpC1 is present in the transcriptionally active chromosome (TAC) fraction 
from isolated spinach chloroplasts, as well as in nucleoid-enriched fractions from pea 
(Phinney and Thelen 2005) and maize chloroplasts (Majeran et al. 2012). These 
observations suggest that in addition to import, ClpC1 functions in transcription/ RNA 
processing/translation, all of which are closely coupled events in the nucleoid 
(Krupinska et al. 2013; Pfalz and Pfannschmidt 2013). 
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4.  FUGAERI1 (FUG1) (meaning ‘‘recovery of variegation’’ in Japanese) was 
isolated following EMS mutagenesis of var2 seeds by the Sakamoto group (Miura et al. 
2007). FUG1 codes for chloroplast translation initiation factor 2 (cpIF2). In addition to 
the EMS-induced fug1-1 allele, two T-DNA insertion alleles have been isolated, fug1-2 
and fug1-3. Whereas fug1-1 and fug1-3 are leaky and resemble wild type, fug1-2 is a 
molecular null and embryo-lethal, indicating that cpIF2 is an essential gene. Although 
fug1-1 and fug1-3 accumulate near-normal levels of thylakoid proteins, they have 
impaired D1 translation and reduced PSII photochemical efficiencies (Fv/Fm). fug1-1 
is epistatic to var2 and, additionally, is able to suppress var1 (lacking AtFtsH5) 
variegation, as well as the severe variegation of var1 var2 double mutants (lacking 
VAR1/AtFtsH5 and VAR2/AtFtsH2).  
5. Snowy cotyledon (SCO1) is the gene for chloroplast translation elongation factor 
EF-G. Knockouts of sco1 are embryo-lethal, but leaky alleles have green true leaves 
and white cotyledons that eventually turn all-green (Albrecht et al. 2006; Ruppel and 
Hangarter 2007). The slow-greening phenotype of the cotyledons is accompanied by a 
delay in chloroplast protein accumulation. The Sakamoto group crossed sco1 with var2 
and found that sco1 is epistatic to var2 (Miura et al. 2007). 
6. Suppressor of variegation7 (SVR7) was isolated by activation tagging (Liu et al. 
2010c). It codes for a novel chloroplast protein that is a member of the P subclass of 
pentatricopeptide repeat proteins (PPR) (Lurin et al. 2004). PPR proteins are central 
regulators of RNA metabolism in organelles, and they contain multiple PPR motifs that 
act as adaptors to facilitate interaction between an effector molecule and a specific 
RNA substrate (Delannoy et al. 2007; Barkan 2011). Binding to the effector is 
mediated by a C-terminal motif, which for SVR7 is the small MutS-related (SMR) 
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domain (hence, termed PPR–SMR proteins). Although the function of this domain is 
obscure, the chloroplast is predicted to contain 8 PPR–SMR proteins, three of which 
have been characterized: SVR7, GUN1, and pTAC2. GUN1 and pTAC2 have been 
localized to nucleoids, where pTAC2 is thought to function in transcription and perhaps 
RNA processing (Pfalz et al. 2006; Pfalz and Pfannschmidt 2013) and GUN1 serves as 
a central mediator of retrograde signal transduction (Koussevitzky et al. 2007a). svr7 
mutants are pale green, smaller than normal and have the full complement of traits 
associated with the defective chloroplast translation syndrome (Liu et al. 2010c). 
Defects in chloroplast translation in svr7 have also been documented by the Schmitz-
Linneweber group for atpB/E and rbcL mRNAs (for the beta and epsilon subunits of 
the chloroplast ATP synthase and the large subunit of Rubisco) (Zoschke et al. 2012b), 
and for the atpB/E and atpA mRNAs in the orthologous atp4 mutant of maize (Zoschke 
et al. 2012a). svr7 is epistatic to var2, but in a temperature-dependent manner: svr7 
suppresses var2 variegation when svr7 var2 double mutants are grown at 22 °C, but not 
at chilling temperatures (8 °C), when var2 has a chlorotic (non-variegated) phenotype. 
This chlorosis is accompanied by major defects in chloroplast rRNA processing and 
protein accumulation. Although the significance of this temperature-sensitivity is 
unclear, collectively the data are consistent with the hypothesis that SVR7 mediates 
rRNA processing in the nucleoid (Liu et al. 2010c). 
7. Suppressor of variegation3 (SVR3) was isolated by map-based cloning (Liu et 
al. 2010a). It encodes a chloroplast homolog of the E. coli TypA translation elongation 
factor superfamily of GTPases (Margus et al. 2007). svr3 single mutants are 
temperature sensitive: at 22 °C they are pale green and have minor defects in 
chloroplast rRNA processing and protein accumulation, whereas these defects are 
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accentuated at 8 °C and the mutant plants are chlorotic. Interestingly, the mutants have 
a sharp decline in the amount of D1 protein at 22 °C versus normal levels of other 
photosynthetic proteins. Collectively, these data suggest that SVR3 plays a major role 
in regulating chloroplast rRNA processing/translation at low temperature, and a more 
diminished role at 22 °C, perhaps limited to D1. The genetic interaction between svr3 
and var2 is more complex than the full epistasis observed for all other var2 suppressors 
with a defective chloroplast translation syndrome. Most notably, variegation is only 
reduced, not eliminated, in var2 svr3 double mutants. 
8. pdf1b is a suppressor of var2 variegation (Adam et al. 2011). PDF1B codes for 
a chloroplast peptide deformylase. Proteins that are translated on chloroplast ribosomes 
are synthesized with an N-formyl methionine, which acts as a protein destabilization 
signal. This residue is normally removed co-translationally in a two-step process 
(termed N-terminal methionine excision, NME) that involves the sequential activities 
of PDF1B and MET aminopeptidase (METAP). A subset of PSII components, most 
prominently the D1 and D2 reaction center proteins, are destabilized in T-DNA 
knockouts of pdf1b, as well as in wild type plants treated with actinonin, a chloroplast 
deformylase inhibitor (Giglione et al. 2003). Although it has not been reported whether 
pdf1b displays characteristics of the defective chloroplast translation syndrome other 
than decreased protein accumulation, the mutants have a pale green phenotype and a 
reduced stature. The Adam group found that variegation is suppressed in pdf1b var2 
double mutants, and that the phenotype of pdf1b is fully epistatic to that of var2 (Adam 
et al. 2011). This indicates that NME acts upstream of the FtsH complex, explaining the 
mechanism of suppression of variegation. Further analysis of the double mutants led to 
the conclusion that NME is required for accumulation of D1 and D2, and that correct 
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processing of these proteins by NME yields N-termini that can be recognized by FtsH 
for subsequent proteolysis. However, when NME is inhibited, D1 and D2 termini are 
recognized and turned-over by an alternate protease(s). These experiments clearly 
suggest that there is a linkage been FtsH, chloroplast translation, and post-translational 
turnover. 
Mechanism of suppression by mutants with a defective chloroplast translation 
syndrome 
The fact that such a large fraction of var2 suppressors have defects in 
chloroplast rRNA processing/translation is intriguing and points to a fundamental role 
of VAR2 in these processes. Consistent with this idea, inhibitors of translation on 70S 
ribosomes (such as chloramphenicol and spectinomycin) can suppress var2 variegation 
(Yu et al. 2008). There are several possible explanations for how this might occur 
(reviewed in Yu et al. 2007; Liu et al. 2010b). One is that FtsH interacts directly with 
components of the chloroplast transcription/translation machinery, as observed for FtsH 
homologs in yeast mitochondria (Nolden et al. 2005). Against this idea is the 
observation that the four abundant FtsH isoforms (FtsH1, FtsH2, FtsH5, and FtsH8) are 
not present in nucleoids (Majeran et al. 2012), the site of plastid DNA replication, 
transcription, RNA processing, and translation (Krupinska et al. 2013; Pfalz and 
Pfannschmidt 2013). Yet, this does not rule out an interaction between VAR2 and non-
nucleoid ribosomes. It is also possible that VAR2 modulates the activities of nucleoid 
proteins in a more indirect manner. 
Another set of proposals is based on the supposition that the primary cause of 
suppression resides in decreased translation per se and that this decrease provides 
developing chloroplasts a way to bypass the need for threshold VAR2 activities. One 
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possibility is that reductions in protein synthesis prolong chloroplast biogenesis, 
thereby allowing more time for the accumulation of factors that are able to compensate 
for a lack of VAR2 (i.e., before the decision is made to turn white or green). A decrease 
in translation might also limit the accumulation of VAR2 substrates, such as misfolded 
polypeptides and protein aggregates, which in var2 produce deleterious effects on 
chloroplast function. A related idea is that reduced translation diminishes the 
accumulation of photosynthetic proteins such as D1, which acts as an electron sink 
(Kato et al. 2012b); this would reduce toxic ROS formation at PSII by reducing VAR2-
mediated D1 turnover. A third possibility is that suppression arises from reduced 
translation of a specific chloroplast DNA-encoded factor that normally inhibits 
chloroplast biogenesis. 
A final hypothesis to explain suppression of variegation proceeds from the 
premise that developing var2 plastids compensate for a lack of VAR2 activity by 
remodeling the chloroplast proteome via retrograde (plastid-to-nucleus) signaling 
(reviewed in Terry and Smith 2013). Signaling might be elicited by defects in 
translation (the plastid gene expression, or PGE mechanism) (Sullivan and Gray 1999; 
Pogson et al. 2008), or perhaps by a suite of factors that are generated in response to 
perturbations in plastid protein homeostasis, as suggested by the Apel group to explain 
the phenotypes of the soldat8 (Coll et al. 2009), soldat10 (Meskauskiene et al. 2009), 
and happy on norflurazon (hon) mutants of Arabidopsis (Saini et al. 2011). SOLDAT10 
codes for a protein with similarity to mTERF, a factor involved in transcription 
termination, whereas soldat8 defines the gene for the SIGMA6 factor of the plastid 
RNA polymerase (PEP). The hon mutants are green in the presence of norflurazon, a 
bleaching herbicide. The Apel group has proposed that a defect in protein homeostasis 
   
 
 
 
28 
in these mutants constitutes a mild stress that activates retrograde signaling pathways, 
leading to an acclimation response which protects the plastid from further, more severe 
stresses (Saini et al. 2011). 
It should be pointed out that if suppression of var2 variegation is caused by impaired 
chloroplast protein synthesis, then the large number of mutations that affect chloroplast 
protein synthesis should be able to act as suppressors. Against this hypothesis, some 
mutants with known translation defects are not robust var2 suppressors (Yu, 
unpublished data). This suggests that a general inhibition of chloroplast translation is 
not necessary or sufficient for suppression of variegation.  
Other var2 suppressors 
Suppressor of variegation4 (SVR4) was isolated by map-based methods from an 
EMS mutagenized line designated ems2505 (Yu et al. 2011). SVR4, also known as 
Mesophyll- cell RNAi Library line 7 (MRL7), codes for a novel chloroplast protein 
localized in nucleoids (Yu et al. 2011; Qiao et al. 2011). The SVR4 allele in ems2505 
(designated svr4-1) is leaky and svr4-1 mutants have a virescent (slow- greening) 
phenotype. This suggests that chloroplast biogenesis is only delayed in svr4-1, not 
blocked; perhaps until sufficient SVR4 activity (or some other compensating activity) 
accumulates to rescue the plastid defect. In contrast to svr4-1, svr4-2 is a T-DNA 
insertion allele and is seedling lethal (Yu et al. 2011). svr4-1 mutants do not have 
characteristics of the defective chloroplast translation syndrome, and their most 
distinctive phenotype is a markedly enhanced NPQ capacity. Collectively, these data 
suggest that SVR4 is essential for chloroplast biogenesis and that it mediates some 
aspect of thylakoid structure or function that sets the parameters of NPQ early in 
chloroplast biogenesis. We have proposed that in the suppressor line (var2 svr4-1), 
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photoinhibitory pressure caused by a lack of VAR2 is ameliorated early in chloroplast 
development by enhanced NPQ capacity in the absence of SVR4 activity. This would 
result in an increase in the number of chloroplasts that are able to surmount the 
threshold necessary to avoid photodamage and thereby develop into functional 
chloroplasts. 
Perspectives 
Variegations in nature are widespread. They are all caused by defects in 
chloroplast biogenesis, but the mechanisms of variegation differ. One prime 
determinant is whether the green and chlorotic sectors have the same genotype 
(mutant), or whether the chlorotic sectors have a mutant genotype and the green sectors 
have a wild type genotype. Examples of the latter include variegations caused by 
organelle DNA mutations (usually maternally inherited), transposon insertion/excision 
events, and tissue chimeras where the layers of the leaf have different nuclear 
genotypes. The present review has highlighted variegations in which the chlorotic and 
green sectors have a uniform genotype. In these types of variegations, the green sectors 
are able to compensate for or bypass the plastid defect caused by the nuclear gene 
mutation. Despite their ubiquity, very few variegations have been characterized at the 
molecular level. This is because few species are genetically tractable. The wealth of 
genetic and molecular tools available for Arabidopsis is the primary reason why so 
much is known about im and var2, and why these mutants are such powerful tools for 
understanding mechanisms of chloroplast biogenesis. 
Several general observations can be made regarding the second-site suppressor 
analyses of im and var2. First, the number of var2 suppressors is quite large, in fact 
much larger than the number of im suppressors. For instance, our EMS and activation 
   
 
 
 
30 
tagging screens have led to the isolation of nearly 100 different var2 suppressors, but 
only a handful of im suppressors. This suggests that there are more ways to compensate 
for a lack of VAR2 than PTOX. On the other hand, most of the var2 suppressors 
characterized to date can be traced to a defect in chloroplast translation, so the number 
of compensating processes in var2 versus im might not be as dissimilar as it seems. In 
this context it is important to reiterate that not all mutants with defects in chloroplast 
translation are var2 suppressors, and it will be of interest to define the particularities of 
this process that are linked to the suppression phenotype. Another future area of 
research is whether bypass suppressors of var2 also suppress im, and vice versa. 
Although we do not know the precise functions of some of the var2 suppressors 
with chloroplast translation defects, the suppressor studies have shown that there is a 
strong linkage between VAR2/AtFtsH2 and chloroplast translation. Hence, these 
studies highlight the use of var2 as a unique tool for genetic dissection of chloroplast 
translation. var2 genetic suppressor screens have also proven to be a powerful tool for 
recovering viable alleles of essential genes, including fug1-1 and svr4-1 (Miura et al. 
2007; Yu et al. 2011). The importance of this cannot be underestimated, given that 
many nuclear genes for chloroplast proteins are essential for chloroplast and plant 
development and null mutants are lethal (Budziszewski et al. 2001; McElver et al. 
2001). We conclude that suppressor analyses will continue to provide insight into the 
functions of PTOX and VAR2 and into the regulatory pathways of photosynthesis and 
chloroplast development. 
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Figure Legends 
Fig. 1 Representative 3-week-old immutans and var2 seedlings of A. thaliana. Plants 
were grown at 22 °C under continuous illumination for the first week at 15 µmol.m-2.s-1 
followed by 100 µmol.m-2.s-1 for 2 weeks. immutans leaves have distinct green and 
white sectors whereas var2 leaves form yellow sectors early in development. Shown in 
the figure are two alleles of var2: var2-1 (severe allele) and var2-4 (less-variegated 
allele). 
 
Fig. 2 Suppressors of im and var2. Illustrated is a model of the thylakoid membrane 
showing the locations of PTOX and FtsH with respect to the PETC. The PQ pool acts 
as the central hub controlling the redox status of the chloroplast by accepting electrons 
via the linear electron pathway ( ), cyclic electron pathway ( ), and the 
desaturation reactions of carotenogenesis, illustrated by the PDS step ( ). Cyclic 
electron transport is mediated by three main pathways: (1) the PGR5-dependent 
pathway, which functions primarily through FQR and catalyzes the antimycin A-
sensitive reduction of the PQ pool by Fd; PROTON GRADIENT REGULATION5 
(PGR5) is indirectly involved in this pathway (Livingston et al. 2010; Kramer and 
Evans 2011). (2) The FNR-dependent pathway, which transfers electrons from Fd to 
the PQ pool via the Qi (PQ reductase) site of cytochrome b6/f (Zhang et al. 2004; Iwai 
et al. 2010). (3) The NADPH dehydrogenase (NDH)-mediated pathway, which 
transfers electrons from NADPH or Fd to the PQ pool (reviewed in Peng et al. 2011). 
In plants, NDH binds PSI, and electron transfer is coupled to proton translocation 
across the membrane (Peng et al. 2008, 2011). Suppressors of PTOX, FtsH, and cyclic 
electron flow are summarized in boxes directly above each of the pathways. 
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Fig. 3 Representative 4-week- old wild-type, im, ATG791 (the activation-tagged im 
suppressor line) and AOX2 overexpression plants (im P35S:AOX2). The plants were 
grown at 22 °C under continuous illumination of 15 µmol.m-2.s-1 for 7 days, followed 
by 100 µmol.m-2.s-1 for 3 weeks. 
Fig. 4 Schematic showing mechanism of suppression of var2 variegation. var2 
suppressor screens have led to the identification of dominant and recessive suppressor 
mutations, most of which produce an impairment in the plastid transcription/translation 
machinery in var2. We hypothesize that all suppressors act via compensatory 
mechanisms that influence the attainment of a threshold of FtSH activity necessary for 
chloroplast development. 
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Fig. 3 Representative 4-week- old wild-type, im, ATG791 (the activation-tagged im 
suppressor line) and AOX2 overexpression plants (im P35S:AOX2) 
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Fig. 4 Schematic showing mechanism of suppression of var2 variegation 
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Table 1. A list of known genetic suppressors of var2 
Mode of 
Suppression 
Suppressor 
Gene 
Phenotype of 
Suppressor 
Line 
Annotation of  
Gene Product 
Reference 
Dominant 
AtFtsH8 Wild type-like 
Component of thylakoid FtsH 
complex 
Yu et al. 2004 
GPA1 
 
Pale green; 
virescent 
α-subunit of the heteromeric 
G protein 
Zhang et al.  2009 
Recessive 
ClpC2 Wild type-like 
Member of the ClpC/HSP100 
family of chaperones 
Park and Rodermel 
2004 
ClpC1 
Pale-green; 
slow growth 
Member of the ClpC/HSP100 
family of chaperones 
Yu et al. 2008 
FUG1 Wild type-like 
Chloroplast translation 
initiation factor IF-2 
Miura et al. 2007 
SCO1 
White 
cotyledons; 
green true leaves 
Chloroplast translation 
initiation factor EF-G 
Miura et al. 2007 
SVR1 Pale green 
Chloroplast pseudouridine 
synthase, involved in 
chloroplast rRNA processing 
and translation 
Yu et al. 2008 
SVR2/ 
ClpR1 
Pale green; 
virescent 
ClpR1 subunit of chloroplast 
ClpP/R protease complex 
Koussevitzky et al. 
2007b 
Yu et al. 2008 
SVR7 Pale green 
Chloroplast PPR protein with 
a SMR domain 
Liu et al. 2010c 
SVR3 Pale green 
Chloroplast Typ-A like 
translation elongation factor 
Liu et al. 2010a 
SVR4 
Pale green; 
Virescent 
Mesophyll-cell RNAi Library 
line 7 (MRL7) 
Novel chloroplast protein 
localized in nucleoids 
Yu et al. 2011; Qiao 
et al. 2011 
PDF1B 
Pale green, 
slow growth 
Chloroplast peptide 
deformylase 
Adam et al. 2011 
Giglione et al. 2003 
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CHAPTER 2. GIGANTEA and SEX1 control chloroplast biogenesis by 
interactions with signaling pathways mediated by cytokinins, GA and SPY 
A paper submitted to Plant Physiology 
Aarthi Putarjunan and Steve Rodermel 
Abstract 
The immutans (im) variegation mutant of Arabidopsis is an ideal model to gain 
insight into factors that control chloroplast biogenesis.  im defines the gene for PTOX, a 
plastoquinol terminal oxidase that participates in control of thylakoid redox within the 
plastid.  Here, we report that im variegation can be suppressed during the late stages of 
plant development by gigantea (gi2), a late flowering mutant associated with a number 
of plant developmental processes.  imgi2 mutants are late-flowering and display other 
well-known phenotypes associated with gi2, such as starch accumulation and resistance 
to oxidative stress.  We show that the restoration of chloroplast biogenesis in imgi2 is 
caused by a gi2-mediated de-repression of cytokinin signaling that occurs in a 
developmental-specific manner involving crosstalk with gibberellin (GA) signaling, 
inasmuch as imgi2 phenotypes are reversed by mutants of SPINDLY (SPY), a GA 
response inhibitor. The suppression of the plastid defect in imgi2 is likely caused by a 
relaxation of excitation pressures in developing plastids by factors contributed by gi2, 
including enhanced rates of photosynthesis and increased resistance to oxidative stress.  
imgi2 phenotypes can be phenocopied by the starch accumulation mutant starch-
excess1 (sex1). We propose that the phenotypic similarity between the two is a 
consequence of their utilization of common elements downstream of GA that 
reprogram chloroplast differentiation and flowering time.  Our experiments show that 
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gi and sex1 play an important role in chloroplast biogenesis and our model validates 
this idea by showing that GI and SEX1 regulate chloroplast biogenesis via interactions 
with cytokinins, GA, and SPY.   
Introduction 
The immutans (im) variegation mutant of Arabidopsis, first studied by Rédei 
and Röbbelen more than 50 years ago, is an ideal development system to gain entrance 
into the poorly understood mechanisms of chloroplast biogenesis (Rédei, 1963, 1967; 
Röbbelen, 1968; Putarjunan et al., 2013).  This process entails the development of 
chloroplasts from either proplastids in the leaf meristem or etioplasts in dark-grown 
seedlings (Pogson and Albrecht, 20l1).  Green/white sectoring in all normally green 
organs of im is caused by a nuclear recessive gene, and cells in the mutant have a 
uniform im/im genotype (Rédei, 1963, 1967; Röbbelen 1968); all im alleles reported to 
date are null (Putarjunan et al., 2013).  Whereas chloroplasts in the green sectors 
resemble those in wild type with respect to pigment composition and morphology, 
plastids in the white sectors are vacuolated, lack lamellar structures and accumulate 
phytoene, an early (colorless) C40 intermediate in the carotenoid biosynthetic pathway 
(Wetzel et al., 1994).  Cloning of IM by map-based and T-DNA tagging methods 
revealed that the gene codes for a plastid membrane-localized plastoquinol oxidase 
(PTOX) that bears functional and structural similarity to the alternative oxidase (AOX) 
class of mitochondrial inner membrane ubiquinol terminal oxidases (Carol et al., 1999; 
Wu et al., 1999).   
It is now well established that PTOX functions as a terminal oxidase in redox 
regulation of developing and mature thylakoids by transferring electrons from 
plastoquinol (PQH2) to molecular oxygen, forming water and plastoquinone (PQ) 
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(McDonald et al., 2011).  Its activity can be coupled to reactions that feed electrons to 
the PQ pool via processes that include chlororespiration, cyclic electron flow around 
PSI, and the two desaturation steps of carotenoid biosynthesis, catalyzed by PDS 
(phytoene desaturase) and ZDS (ζ-carotene desaturase) (Albrecht et al., 1995; Peltier 
and Cournac, 2002; Okegawa et al., 2010; Putarjunan et al., 2013).  In addition, PTOX 
can act as a safety valve to dissipate excess absorbed energy, thereby preventing over-
reduction of photosynthetic electron carriers and protecting PSI and PSII from 
photoinhibition (McDonald et al., 2011; Foudree et al., 2012; Putarjunan et al., 2013).  
In the absence of PTOX, developing thylakoids become over-reduced and phytoene 
accumulates either because of a decreased supply of PQ available to PDS and/or 
because electron transfer from phytoene to an over-reduced PQ pool is not energetically 
favorable (Shahbazi et al., 2007; Rosso et al., 2009).  This blockage inhibits the 
accumulation of downstream (photoprotective) carotenoids, generating white, 
photooxidized plastids.  The extent of photoxidation is promoted by exposure of im to 
restrictive conditions of high light or low temperature (Rosso et al., 2009).   
Our current working hypothesis of the mechanism of im variegation is based on 
the premise that white sector formation in im is positively correlated with excitation 
pressures during chloroplast biogenesis (Rosso et al., 2009).  Excitation pressure is a 
relative measure of the reduction state of QA, the first stable electron acceptor of PSII 
(Dietz et al., 1985; Hüner et al., 1998).  Given this assumption, we propose that above-
threshold excitation pressures predispose developing plastids to photooxidation, 
whereas im plastids with below-threshold excitation pressures develop into normal 
chloroplasts (the threshold hypothesis) (Wetzel et al., 1994; Putarjunan et al., 2013).  
The observation of heteroplastidic cells (with normal and abnormal plastids) in im 
   
 
 
 
56 
further argues that chloroplast biogenesis is plastid autonomous (Wetzel et al., 1994), 
suggesting that excitation pressures vary from plastid-to-plastid in the developing leaf 
primordium.  One factor that affects biochemical differences among plastids is the 
unique location of each plastid in the leaf primordium, thus each plastid is subjected 
differently to steep gradients in the leaf of light and CO2 (Smith et al., 1997).  A final 
assumption of our model is that the chaotic pattern of im variegation in the mature leaf 
is a reflection of the pattern of dicot leaf development: white plastids in cells of the leaf 
primordium give rise to clones of white plastids, cells and sectors in the mature leaf, 
whereas chloroplasts in the developing primordium produce green cells and green 
sectors.  
To better understand PTOX function, the mechanism of im variegation and 
factors that control chloroplast biogenesis, we have turned to second-site suppressor 
analysis to identify genes that modify the variegation phenotype of im (Putarjunan et 
al., 2013).  Our operating assumption is that second-site suppressor analysis is a 
powerful tool to gain insight into PTOX function and activity per se (e.g., interaction 
suppressors), as well as a procedure to identify factors and pathways that act early in 
chloroplast biogenesis and which might not be accessible by other means (bypass 
suppressors).  The utility of this approach is illustrated by our recent identification of an 
activation-tagged suppressor line in which, when the gene for mitochondrial AOX2 is 
overexpressed under the control of its own targeting sequences, AOX2 is transported 
into im plastids, where it substitutes for the function of PTOX in photosynthesis and 
chloroplast biogenesis, thereby giving rise to all-green plants (Fu et al., 2012).   
In our search for suppressors of im, we were intrigued by an observation of 
Rédei in the 1960’s (Rédei, 1967) that “vigorous vegetative growth” of im could be 
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obtained by crossing it with gigantea (gi), a late-flowering “supervital” mutant that he 
had recently isolated (Rédei, 1962).  Unfortunately, Rédei did not describe the 
chloroplast phenotype of the im gi double mutants.  However, it has since become 
apparent that “supervitality” is one of many strikingly diverse phenotypes caused by a 
GIGANTEA deficiency.  Others include alterations in period lengths of circadian 
rhythms (Park et al., 1999); resistance to paraquat (Kurepa et al., 1998a); impairment in 
phytochrome B signaling (Huq et al., 2000); enhanced accumulation of starch (Eimert 
et al., 1995) and anthocyanins (Kurepa et al., 1998b); elevated expression of 
detoxifying enzymes such as SOD and APX (Cao et al., 2006); and increased 
sensitivity to freezing (Cao et al., 2007).  GI was cloned nearly forty years after Rédei’s 
initial description of gi (Fowler et al., 1999), and molecular analyses since that time 
have revealed that GIGANTEA acts as a scaffold protein for the assembly of 
complexes that mediate protein-protein stability/activity via the 26S proteasome (Tseng 
et al., 2004; Sawa et al., 2008).  It also interacts with a number of components of the 
circadian clock-associated flowering pathway in Arabidopsis and plays an important 
role in photoperiodic flowering (Fowler et al., 1999; Park et al., 1999; Sawa and Kay, 
2011).   
We were prompted Rédei’s observations (Rédei, 1967) to revisit imgi with a 
view toward assessing its utility in studying PTOX function and the mechanisms of 
chloroplast biogenesis.  In this manuscript, we show that gi suppresses im variegation 
during a late stage of plant development, and we demonstrate that this occurs by 
interactions between GIGANTEA-, cytokinin- and gibberellin (GA)- mediated 
signaling pathways in which the GA response inhibitor SPINDLY (SPY) (Jacobsen and 
Olszewski, 1993) plays a pivotal role in integrating all three pathways.  We also found 
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that the variegation suppression and late-flowering phenotypes of imgi can be 
phenocopied in double mutants of im and starch-excess1 (sex1) (Yu et al., 2001), 
indicating that imsex1 and imgi utilize similar downstream signaling components.  The 
imgi double mutants have alterations in chloroplast metabolism during late plant 
development that are consistent with a relaxation of excitation pressures, and we 
propose that these factors act in concert to reduce excitation pressure thresholds such 
that more developing plastids in newly-emerging leaves are able to develop 
photosynthetic competence.  We conclude that our studies provide a direct genetic 
linkage between gi and chloroplast biogenesis, and a platform on which to construct a 
model of interactions between signaling pathways mediated by gi, GA, SPY, 
cytokinins, and sex1-1 that are required to maintain normal chloroplast biogenesis.   
Results 
Variegation is suppressed in imgi2 during late plant development  
To examine interactions between immutans and gigantea, double mutants were 
generated by crossing null alleles of im (spotty) and gi (gi2) (Park et al., 1999; Wu et 
al., 1999); double mutants were identified by PCR in the F2 generation.  As illustrated 
in Figs. 1A and 1B, imgi2 plants resemble gi2 inasmuch as they have reduced apical 
dominance and are delayed in their transition to flowering.  However, they also 
resemble im with respect to their variegation phenotype, at least during the early stages 
of plant development, while later in development this phenotype is dramatically 
suppressed and newly-emerging leaves are all-green.   
To facilitate phenotypic comparisons, imgi2 and control plants (wild-type Col-
0, im and gi2) were examined at three time points post-germination, designated Stage I 
(4 weeks), Stage II (10 weeks, when newly-emerged leaves of imgi2 begin to appear 
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less variegated than in im); and Stage III (12 weeks, when newly-emerged leaves of 
imgi2 are all-green) (Fig. 1C).  The plants in these studies were grown under conditions 
of continuous illumination to eliminate circadian-clock mediated effects of gi2 (Park et 
al., 1999).  Fig. 1D shows that fully-expanded imgi2 leaves are more similar in shape to 
those of im than gi2 at Stages I and II, but that by Stage III they more closely resemble 
gi2 leaves.  In a similar manner, Figs. 1E and 1F reveal that pigment contents of imgi2 
leaves resemble those of im more than those of gi2 during Stage I, but that by Stage III, 
pigment contents in imgi2 leaves are more similar to those of gi2 than im.  Importantly, 
pigment amounts in gi2 are significantly higher than normal at all developmental 
stages.   
The suppression of variegation that occurs in imgi2 during Stages II and III is 
striking, and is reminiscent of the phenotype of im plants that have been de-topped; 
subsequent leaves that emerge are all-green (Fig. 2E).  Although hormone levels do not 
necessarily correlate with signal strength, it has been proposed that cytokinins are 
involved in the de-topping response in bean (Wang et al., 1977) and also promote the 
re-differentiation of chloroplasts from gerontoplasts in senescent leaves of de-topped 
tobacco (Zavaleta-Mancera et al., 1999).  We were thus prompted by these observations 
to ask whether cytokinins play a role in the mechanism of variegation suppression in 
imgi2.  
 
Cytokinins play a role in gi-mediated suppression of im variegation 
As a first approach to examine the ability of cytokinins to suppress im 
variegation, we sprayed three week-old im plants for a period of two weeks with 6-
benzylaminopurine (BAP), a widely-used synthetic adenine-type cytokinin.  As 
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illustrated in Figs. 2A and 2C, variegation is suppressed in im leaves that emerge after 
BAP treatment, and this suppression is correlated with sharp, upregulated expression of 
genes for type A-ARRs (Arabidopsis Response Regulators) (ARR4-7). These marker 
genes are rapidly induced at the transcript level in response to cytokinins (Hutchinson 
and Keiber, 2002).  BAP treatment also causes a delay in the transition of im to 
flowering (Fig. 2B); as expected, this is accompanied by downregulated expression of 
marker genes for the floral transition, including CO, FT and SOC1 (Koornneef et al., 
1998; Levy and Dean, 1998) (Fig. 2C).   
Similar to their elevated expression in BAP-treated im (Fig. 2B), ARR genes are 
also dramatically upregulated in Stage II and Stage III imgi2 leaves (Fig. 2D).  This 
induction was however not accompanied by any marked enhancements in the 
expression of two representative cytokinin biosynthetic genes, IPT1 and IPT5 (Fig. 2E).  
These genes code for two isozymes of iso-pentenyltransferase, which catalyzes the first 
rate-limiting step in the biosynthesis of isoprene cytokinins via the MEP pathway 
(Sakakibara, 2006). This could possibly be due to the tissue specificity associated with 
the expression of these cytokinin biosynthesis genes with most IPTs being expressed in 
root tips, immature seeds, young inflorescences, trichomes and pollen (Miyawaki et al., 
2004). These results also suggested that variegation suppression in imgi2 leaves was 
more likely due to a cytokinin signaling response rather than a localized enhancement 
in cytokinin biosynthesis in these plants.  If gi-mediated alterations in cytokinin 
signaling play a major role in suppression of im variegation, then we might expect to 
find other traits in imgi2 that are well-known characteristics of a cytokinin response, 
such as enhanced leaf blade thickness, starch content, cell number and rates of 
chloroplast division (Lichtenthaler and Buschmann, 1978; Stoynova et al., 1996; 
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Werner et al., 2003; Okazaki et al., 2009).  In support of this hypothesis, light 
micrographs of leaf cross sections from wild-type and imgi2 at the same developmental 
stage (just prior to flowering, Stages I versus III, respectively) show that imgi2 leaves 
are significantly thicker than normal, devoid of air spaces, and filled with many tightly- 
packed cells, most of which appear to be smaller than normal (Fig. 3A).  Fig. 3B shows 
that imgi2 cells also have higher than normal chloroplast numbers, as illustrated by 
light microscopy of protoplasts from wild-type and imgi2 (again, isolated from leaves 
at the same developmental stages, as in Fig. 3A).  The chloroplasts in imgi2 protoplasts 
also have significant reductions in surface area, volume and diameter compared to 
wild-type (Fig. 3C).  These alterations suggest that rates of chloroplast division are 
enhanced in imgi2 leaves.  
 The analyses in Figs. 3B and 3C were modeled after experiments in Arabidopsis 
from the Miyagishima group (Okazaki et al., 2009), who examined the role of 
cytokinins in chloroplast division in wild-type plants treated with exogenous 
cytokinins, as well as in transgenic plants that overexpress CRF2 (CYTOKININ 
RESPONSE FACTOR2), a transcription factor induced by cytokinins.  They observed 
that cells in both types of plants had higher chloroplast numbers and smaller chloroplast 
sizes than wild-type (similar to our findings), and they concluded that cytokinin 
treatment directly enhances chloroplast division.  They attributed this enhancement to 
specific upregulation of two cytokinin responsive genes: PLASTID DIVISION1 
(PDV1) and PLASTID DIVISION2 (PDV2), which are two essential components of 
the plastid division apparatus (Miyagishima et al., 2006; Glynn et al., 2008).  We 
suggest that a similar cytokinin-dependent mechanism is operative in imgi2, inasmuch 
as the alterations in chloroplast number and size in imgi2 are accompanied by a sharp 
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upregulation of CRF2 and PDV2 expression.  Importantly, this upregulation occurs late 
in development (Fig. 3D), coincident with the time gi-mediated effects on cytokinin 
synthesis/ signaling are proposed to be triggered and newly-emerging im leaves are all-
green.   
 Considered together, the experiments in Figs. 1, 2 and 3 are consistent with the 
hypothesis that cytokinins play a significant role in gi2–mediated suppression of im 
variegation, and suggest this is caused by an upregulation of cytokinin 
biosynthesis/signaling that reprograms leaf development during stage II.  This 
hypothesis raises four questions:   
1. First, what is the mechanistic relationship between cytokinin response and gi?   
2. Second, why does cytokinin upregulation occur at a specific stage of imgi2 
development?   
3. Third, do factors other than cytokinins play a major role in determining the 
suppression phenotype of imgi2?   
4. How does suppression of im variegation occur mechanistically?  Presumably, 
this entails a reduction of excitation pressure thresholds during chloroplast 
biogenesis (Rosso et al., 2009).    
 
Control of chloroplast biogenesis by integration of GIGANTEA and cytokinin 
signaling pathways: a testable model 
The data in Figs. 1-3 provide support for the idea that img2 is valuable tool to gain 
entrance into the signaling pathways that govern chloroplast biogenesis.  To understand 
how gi and cytokinin-mediated signaling are integrated during chloroplast 
development, we turned our attention to gibberellic acid (GA) signaling as a possible 
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coordinating factor.  Fig. 4 shows a comprehensive, testable model of how this 
integration occurs, based on the following observations from our experiments and those 
of others:  
a. The transition to flowering in Arabidopsis is controlled in a positive fashion by 
a number of factors, including photoperiod, light quality, vernalization and the 
autonomous pathway, as well as by hormone signaling pathways (Koornneef et 
al., 1998; Levy and Dean, 1998).  
b. Cytokinins delay the transition to flowering in our study (Fig. 2) and in others 
(Wang et al., 1997; McCabe et al., 2001). 
c. Cytokinins positively influence chloroplast biogenesis (Figs. 2 and 3; Okazaki 
et al., 2009). 
d. Cytokinin-mediated responses in Arabidopsis are repressed by exogenous 
application of GA, which suggests that upregulation of GA/GA-responses 
inhibits cytokinin signaling (Greenboim-Wainberg et al., 2005). 
e. Arabidopsis spy (spindly) mutants display upregulated GA responses and 
suppress all GA-deficient phenotypes (Jacobsen and Olzewski, 1993; Jacobsen 
et al., 1996; Swain et al., 2001).  Cytokinin responses are also repressed in spy 
(Greenboim-Wainberg et al., 2005).  It has been proposed that SPY represses 
GA signaling (Tseng et al., 2004) and that it promotes cytokinin responses 
either via GA or independently (Greenboim-Wainberg et al., 2005). 
f. SPY interacts with GI in yeast two-hybrid experiments, and spy mutants 
suppress the late flowering phenotype of gi mutants (Tseng et al., 2004).  spy 
suppression occurs directly via de-repressing GA responses (Tseng et al., 2004), 
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or indirectly by inhibiting cytokinin signaling (Greenboim-Wainberg et al., 
2005).  
g. GI acts in sync with SPY to regulate flowering time response in Arabidopsis 
(Tseng et al., 2004). In gi mutants, de-repression of SPY causes an inhibition in 
GA response (Fig. 4).  GA response is known to stimulate the transition to 
flowering in Arabidopsis, and GA/GA-responses are highly stimulated just prior 
to this transition (Koornneef et al., 1998; Levy and Dean, 1998; Tseng et al., 
2004).  It is likely that the delay in the transition to flowering in gi is modulated 
either directly by inhibition of GA/GA responses (Tseng et al., 2004) or 
indirectly via de-repression of cytokinin responses (Greenboim-Wainberg et al., 
2005, Fleishon et al., 2011).  
Given these considerations and our experimental data; we propose that a lack of gi 
causes de-repression of SPY, which triggers an inhibition in GA response.  Since GA 
response is critical to achieve flowering response, repressed GA response at this time 
causes two things: 1) a de-repression of cytokinin signaling during stage II, which is 
largely responsible for the altered plastid morphology in imgi double mutants that 
occurs commencing with this stage; and 2) delayed flowering response.    
 This model lends itself to number of predictions.  First, spy mutants should be 
able to reverse the effects of de-repressed cytokinin signaling in Stage II imgi2 plants, 
i.e., the variegation suppression/late flowering phenotypes of imgi2 should be 
abrogated in triple mutants (imgi2spy).  To test this hypothesis, we crossed imgi2 with 
spy4 (a strong allele of spy) (Jacobsen et al., 1996) and identified triple mutants in the 
segregating F2 population.  Consistent with the model, imgi2spy4 triple mutants flower 
at a normal time (similar to wild-type and im plants, ~ 6 weeks)(Fig. 5B) and are 
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variegated throughout their development (Fig. 5A).  This indicates that SPY activity is 
essential to integrate GI and chloroplast biogenesis.  There is also a marked increase in 
GASA4, a representative GA response gene and decrease in the expression of cytokinin 
response genes ARR4-7 in imgi2spy4 plants in comparison to imgi2 plants at the same 
developmental stage prior to flowering (Fig. 5C). To test if indeed an enhanced GA 
response can cause a de-repression of cytokinin signaling and consequently revert the 
suppression phenotype associated with imgi2, we sprayed imgi2 plants (4 weeks post 
germination) with 100µM GA3 for a period of 6 weeks (2 times a week). Consistent 
with our other findings, treatment with GA not only lead to reversal in the suppression 
phenotype associated with imgi2 but also caused a marked down-regulation in the 
expression of cytokinin response genes ARR4-7 and upregulation of the GA response 
gene, GASA4 (Fig. 5D, 5F). imgi2 GA treated plants also transitioned to flowering 
earlier than imgi2 plants (~9 weeks) but were not quite as effective as spy4 mutants in 
reverting the flowering time back to im like as in the imgi2spy4 plants. To test if an 
inhibition GA biosynthesis in im could result in a phenocopy of imgi2 plants, we first 
grew Col-0, im, imgi2, gi2, imgi2spy4 and spy4 seeds on MS plates supplemented with 
Paclobutrazol (PAC) (35mg/L)  (inhibitor of GA) for about 10 days. Since GA is also 
essential for germination, growing the seeds on MS media supplemented with PAC, 
resulted in only seeds in the spy4 background germinating, and abolished germination 
in Col-0, im, imgi2 and gi2 (Fig. 5G). To overcome this problem, we grew im as in Fig. 
1A and then watered the soil with PAC (35mg/L) at 2 weeks post germination for a 
period of 4 weeks. Consistent with the rest of our findings, treatment of im with PAC, 
led to im phenocopying the imgi2 suppression phenotype, with the newly emerging 
leaves following treatment turning dark green and completely suppressing variegation 
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in im (Fig. 5H). Flowering time was also delayed in PAC treated im plants with them 
transitioning to flowering at ~9.5 weeks post germination (Fig. 5I). Another prediction 
of our model is that GA responses should be downregulated in imgi2 plants later on 
during development.  In support of this hypothesis, qRT-PCR analysis reveals that 
GASA4 expression levels are significantly repressed in imgi2 plants during the later 
stages of development in comparison to Col-0 wild-type Stage I plants (Fig. 5J).  This 
agrees with the observation that SPY activity promotes cytokinin responses through 
GA (Greenboim-Wainberg et al., 2005).  
In summary, our data indicate a strong correlation between the greening/late 
flowering phenotypes associated with imgi2 and the cytokinin response, and provide 
evidence that GA signaling and SPY are essential components that integrate gi with 
cytokinin signaling to control chloroplast biogenesis.   
Molecular mechanism of variegation suppression in imgi2 
 According to the threshold hypothesis of im variegation, developing plastids 
with lower than threshold excitation pressures (relatively oxidized PQ pools) 
differentiate into normal chloroplasts, producing green sectors in the mature leaf, while 
developing plastids with higher than threshold EPs (over-reduced PQ pools) 
accumulate phytoene and are blocked in the production of photoprotective downstream 
carotenoids; they give rise to photooxidized plastids and white sectors in the mature 
plant (Rosso et al., 2009).  To gain insight into the mechanism of variegation 
suppression in imgi2, we reasoned that the signaling pathways in Fig. 4 result in the 
production of factors that directly relax excitation pressures, such that more developing 
plastids have excitation pressures within the range compatible with normal chloroplast 
biogenesis.  In this context, we were struck by several well-known gi phenotypes that 
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could theoretically play a direct role in ameliorating excitation pressures.  These 
include an elevated expression of detoxifying enzymes such as SOD (Cao et al., 2006) 
and enhanced production of starch (Eimert et al., 1995).  Before exploring whether 
these factors relax excitation pressures in the im background, we wanted to obtain 
baseline information about the ultrastructure and protein composition of imgi2 
chloroplasts.   
 Fig. 3E shows transmission electron micrographs of representative chloroplasts 
from wild-type and imgi2 leaves at the same developmental stage (as Fig. 3A): imgi2 
chloroplasts are significantly smaller than normal (as in Fig. 3B and 3C), but otherwise 
have normal-appearing internal membrane structures.  To test whether they also have 
normal protein compositions, we used Western immunoblot analysis on a fresh weight 
basis to examine the accumulation of seven representative photosynthetic proteins from 
im, gi2, imgi2 and wild-type leaves at developmental Stages I, II and III.  Fig. 6 shows 
that at Stage I, each of the seven proteins accumulates to a similar extent in gi2 and 
wild-type, but that each is reduced in amount in im and imgi2, again to a similar extent.  
The latter reductions are skewed by the presence of green and white tissues in the 
whole leaf samples from im and imgi2.  By Stage II, the pattern of protein accumulation 
in imgi2 has begun to resemble that of gi2 (a notable exception being D1), such that by 
Stage III, all seven proteins have accumulated to high levels, and the imgi2 and gi2 
profiles are indistinguishable from one another.  Stage III wild-type and im leaves are 
senescent and have much reduced amounts of all seven proteins.  We conclude that gi2 
is able to rescue the plastid defect in im with respect to protein composition, and that 
gi2 is epistatic to im with respect to this trait. 
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 One of the most intriguing phenotypes of gi is its resistance to H2O2 and 
paraquat (Kurepa et al., 1998a). Paraquat is a superoxide radical-generating herbicide 
that acts by intercepting the flow of electrons at Photosystem I (Preston, 1994); O2- and 
H2O2 are produced by the interaction of paraquat radicals with molecular O2 (Slade, 
1966).  The resistance of gi2 to paraquat has been attributed to elevated expression of 
chloroplast detoxifying enzymes such as SOD (superoxide dismutase) and APX 
(ascorbate peroxidase) (Cao et al., 2006).  To examine this question in imgi2, we 
qualitatively assayed Stage I, II and III plants for the accumulation of O2- and H2O2 by 
NBT and DAB staining, respectively; im, gi2 and wild-type Col-0 served as controls.  
Fig. 7C shows that ROS accumulation is very low in gi2 throughout development, 
consistent with previous observations (Kurepa et al., 1998a).  Importantly, the figure 
also reveals that gi2 is capable of sharply reducing the high levels of ROS that are 
present in im.  This suppression occurs during Stages II and III of imgi2 development, 
and it is accompanied by significant increases in the expression of stromal and 
thylakoid APXs (sAPX and tAPX respectively, Shigeoka et al., 2002) (Fig. 7D).  These 
data suggest that gi2 is epistatic to im during late plant development with respect to 
having an enhanced ROS scavenging capacity.  Although ROS can be detoxified 
enzymatically (e.g., by SOD and APX), their accumulation can also be prevented by 
other mechanisms, such an enhanced ability to assimilate absorbed energy (Niyogi et 
al., 2000).  Chlorophyll fluorescence analyses show that Stage III imgi2 leaves have 
lower than wild-type excitation pressures (1- qP) and higher than wild-type electron 
transport rates (ETR) under a range of light intensities (Fig. 7A and 7B).  These 
measurements suggest that imgi2 has elevated rates of photosynthesis, at least under the 
conditions of our experiments.  
   
 
 
 
69 
In summary, the data in Figs. 1, 3, 6 and 7 indicate that Stage III imgi2 
chloroplasts, though smaller than normal, resemble those of wild-type and gi2 with 
respect to membrane anatomy and protein composition.  Unlike wild-type, but similar 
to gi2, imgi2 chloroplasts have an elevated capacity to detoxify ROS, as well as an 
enhanced assimilatory capacity, as monitored by pigment accumulation and rates of 
photosynthesis.  Taken together, we propose that gi2 is epistatic to im with respect to 
detoxification and assimilation starting at Stage II of plant development, and that these 
processes might act in concert to decrease excitation pressures in developing im 
plastids, thus suppressing the variegation phenotype.   
Signaling pathways revisited: Starch-excess1 (sex1) suppresses variegation in 
immutans 
One of the other well-characterized phenotypes associated with gigantea is 
starch accumulation - gi mutants are known to have enhanced accumulation levels of 
starch in comparison to wild-type plants (Eimert et al., 1995).  To test if the enhanced 
starch accumulation was due to the enhanced photosynthetic capacity associated gi2 (as 
seen in imgi2 plants later on in development), we decided to examine the starch 
accumulation levels in Col-0, im, imgi2 and gi2 at the same developmental stage (prior 
to flowering).  Starch accumulation was significantly elevated in imgi2 and gi2 in 
comparison to Col-0, as illustrated by qualitative and quantitative comparisons (Fig. 8A 
and Fig. 8B). These data indicate that gi2 is epistatic to im with respect to starch 
accumulation, commencing late in plant development.  Carbon assimilation rates were 
also higher in imgi2 and gi2 plants in comparison to Col-0 wild-type plants as indicated 
in Fig. 8D. Taken together, these results suggested that an increase in photosynthetic 
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efficiency in imgi2 and gi2 plants owing to enhanced starch accumulation and carbon 
assimilation rates.  
To test if enhanced starch accumulation in general could rescue the variegation 
phenotype associated with im, we set out to determine whether im could be rescued by 
the starch excess-1 (sex1-1) mutant; a well-known starch accumulation mutant that also 
displays a late-flowering phenotype (Matsoukas et al., 2013).  To address this question, 
we generated double mutants between im and sex1-1 (null allele of sex1 (Yu et al., 
2001)).  SEX1 is a starch-related α-glucan/water dikinase that controls accessibility of 
degradative enzymes to the starch granule; starch accumulates in sex1 because it lacks 
this accessibility (Yu et al., 2001; Yano et al., 2005). Surprisingly, we found that 
imsex1-1 double mutants recapitulate the imgi2 phenotype: they are late flowering (~10 
weeks to achieve the floral transition) and produce variegated leaves early in 
development, but completely green leaves later in development (Fig. 8C). imsex1-1 and 
sex1-1 plants  also have enhanced rates of carbon assimilation in comparison to Col-0 
plants, an observation consistent with that seen gi2 and imgi2 plants (Fig. 8D). These 
data indicate that there are genetic interactions between sex1 and im, and that starch 
accumulation can, indeed, rescue im in a developmental-specific manner.  
Can sex1 be integrated into the pathways in Fig. 4 in a manner that would 
explain the ability of imsex1-1 mutants to phenocopy imgi2?  One possibility is that this 
occurs via GA/GA responses thereby allowing sex1-1 to utilize common elements 
downstream of GA to reprogram chloroplast differentiation and flowering time in the 
im background. Support for this hypothesis is based on recent studies that have shown 
that GA biosynthesis is repressed in sex1-1 as a response to sugar starvation that arises 
from an inability to break down starch (Paparelli et al., 2013).  Interestingly, gi mutants 
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display a similar sugar starvation phenotype, with gi having lower levels of endogenous 
sugars in comparison to wild-type plants (Cao et al., 2007). Therefore, our working 
hypothesis is that GA/GA response is repressed in sex1 mutants, thereby allowing 
imsex1-1 to utilize the same downstream, cytokinin-dependent signaling processes as in 
imgi2 plants to alter the plastid phenotype in the im background (Fig. 4).   Another 
possibility is that altered levels of sugar in the developing chloroplast elicit changes in 
GA/GA response via retrograde (plastid-to-nucleus) signaling (Paparelli et al., 2013).    
Discussion 
Signaling events that control chloroplast biogenesis 
Variegation mutants are powerful tools to gain insight into processes that 
regulate chloroplast biogenesis (Yu et al., 2007; Liu et al., 2010; Foudree et al., 2012; 
Putarjunan et al., 2013).  A unique feature of bypass suppressors of mutants such as im 
is that they represent a powerful means, and one of the few practical ways, of accessing 
factors and processes that play a role in the early events of chloroplast biogenesis.  In 
this report, we found that im variegation can be suppressed by the well-known gi and 
sex1 mutants, and that the double mutants (imgi2 and imsex1-1) have similar 
phenotypes (late onset of variegation suppression, late-flowering).  We used this 
information to develop a comprehensive, testable model of pathways/interactions that 
control chloroplast biogenesis (Fig. 4).  The model is based on previous observations of 
signaling pathways and interactions, some of which have been implicated in chloroplast 
development, while others have not.  The focus of the present model is pathways of 
chloroplast biogenesis, using im as a reporter.  The accuracy of the model is reflected in 
our ability to test it experimentally.   
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Our proposal that gi mediates chloroplast biogenesis/flowering time via an 
effect on GA and cytokinin signaling is supported by our finding that spy is able to 
reverse the variegation suppression and late-flowering phenotypes of imgi2.  This 
observation shows that SPY activity plays an important role in chloroplast biogenesis, 
and highlights the significance of crosstalk between the GA and cytokinin signaling 
pathways in this process.  In this context it is worth emphasizing that the uniqueness of 
imgi2 lies in its ability to manipulate hormone-signaling pathways that are essential for 
the floral transition in such a manner that developmental reprogramming of imgi2 
plastids also occurs at this stage.  Therefore, the defect in im plastids is suppressed late 
rather than early in development, and is not expressed continuously throughout 
development, as might be expected with constitutive overexpression of cytokinin 
biosynthesis/response genes.  Our model emphasizes GA, because GA is involved in 
stimulating the transition to flowering by upregulating transcript levels of genes 
directly controlling the floral transition – CO, FT  and SOC1 - and hence GA/GA 
responses is/are expressed most highly just prior to this stage (Koornneef et al., 1998; 
Levy and Dean, 1998).   
The phenotypic similarity between imgi2 and imsex1-1 is worth emphasizing.  
According to our model, this similarity can be explained by a convergence of gi- and 
sex1- mediated pathways at GA/GA signaling, and by the utilization of identical 
elements downstream of GA that depend on a de-repression of cytokinin signaling.  
This mechanism might not be specific to im inasmuch as exogenously-supplied 
cytokinins are able to rescue the variegation phenotypes of other nuclear gene-induced 
variegations like pac2 (Grevelding et al., 1996) and atd2 (van der Graaff et al., 2004), 
producing all-green plants.  It will be interesting to determine whether these plants are 
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also late flowering, similar to BAP-treated im (Fig. 2), and whether the pac2 and atd2 
variegations can be suppressed by gi and sex-1.   
Molecular mechanisms of im suppression by gi2  
The extent of im variegation is directly governed by excitation pressures, and 
our current hypothesis of the variegation mechanism assumes that developing plastids 
in cells of the leaf primordium with lower than threshold EPs have relatively oxidized 
PQ pools, and thereby differentiate into normal-appearing chloroplasts that produce 
clones of chloroplasts, cells and eventually green sectors in the mature leaf (Rosso et 
al., 2009).  Developing plastids with higher than threshold EPs, on the other hand, are 
presumed to have over-reduced PQ pools, thereby accumulating phytoene and giving 
rise to photooxidized (white) plastids that give rise to clones of white plastids, cells and 
white sectors in the mature leaf.  The chaotic sectoring that is observed in the mature 
leaf is thus a consequence of the pattern of dicot leaf development, with most plastid 
differentiation and division occurring in the primordium.  It is a reasonable assumption 
that developing plastids (proplastids) in the primordium have differing EPs because of 
unique biochemistries that arise from sharp differences in their ability to capture and 
utilize light, e.g., gradients of light and CO2 across the lamina of a leaf are steep 
(Putarjunan et al., 2013).   
We found that gi2 is epistatic to im with respect to most chloroplast traits: 
pigment content; chloroplast size and number, photosynthetic rates, ROS accumulation, 
expression of plastidic detoxifying enzymes, starch content and protein accumulation.  
Because EPs are known to be relaxed by mechanisms of enhanced enzymatic 
detoxification and elevated assimilation, we consider it a reasonable hypothesis that 
gi2-mediated increases in ROS scavenging and photosynthesis directly suppress the 
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plastid defect in im, thereby permitting more plastids to have EPs compatible with 
normal development.  According to this scenario, the enhanced starch in imgi2 is a 
reflection of enhanced photosynthesis.  Again, we assume the gi2-mediated outputs that 
are contributed to im are the direct consequence of a developmental-specific 
perturbation in cytokinin and GA signaling (Fig. 4).  
In summary, in this report we used bypass suppressors of im to gain insight into 
the early events of chloroplast biogenesis.  One consequence of our efforts was the 
development of a comprehensive, testable model of signaling events that control this 
process.  This model has chloroplast biogenesis as its focus, and it establishes a role for 
previously unknown pathways and mechanisms of crosstalk in this process.  These 
include:  
1. gi mediates chloroplast biogenesis through cytokinin-mediated signaling 
pathways.   
2. the gi-cytokinin mediated pathways are integrated via GA and SPY. 
3. sex1 plays a vital role in modulating chloroplast development through 
synergistic interactions with hormone signaling pathways. 
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Materials and Methods 
Plant Material and Growth Conditions. All plants in this study were grown on soil at 
22°C under continuous illumination (~100 µmol·m–2·s–1).  Because im is light-
sensitive, it was germinated for 10 days under low illumination (15 µmol·m−2·s−1) prior 
to transfer to normal light conditions.  Mutant crosses in the im background were 
treated in a similar manner.  gi2 and sex1-1 seeds were obtained from the Arabidopsis 
Biological Resource Center (ABRC), and spy4 seeds were a generous gift from N. 
Olszewski (University of Minnesota, St. Paul).  Genotypes of double and triple mutant 
progeny were identified by PCR using derived cleaved amplified polymorphic 
sequence primers in Supplemental Table S1. 
Pigment Analyses. The two top pairs of fully expanded rosette leaves from Col-0, im, 
imgi2 and gi2 at Stages I, II and III of development were harvested and ground in liquid 
N2.  Pigments were extracted in the dark at 4°C using 95% ethanol.  Total chlorophyll 
and carotenoid contents were calculated as described in (Lichtenthaler, 1987). 
Hormone Response Assays.  Three week-old Col-0 and im plants were sprayed with 
25 µM BAP (Sigma-Aldrich, St. Louis, MO) once every three days for a period of two 
weeks.  Leaves that emerged after treatment were used for experimentation. For 
treatment with GA3, imgi2 plants were sprayed with GA3 at around 4 weeks post 
germination for a period of 6 weeks (2 times per week).  Endogenous GA was inhibited 
using Paclobutrazol (Sigma Aldrich) at a concentration of 35mg/L. For plate assays, 
MS plates were supplemented with 35mg/L PAC and for soil assays, 2 weeks old im 
plants were watered with PAC for a period of 4 weeks (3 times per week).  
Light and Transmission Electron Microscopy. Fully-expanded rosette leaves from 
Col-0 and imgi2 plants at the same developmental stage (Stages I and III respectively) 
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were used for light and transmission electron micrograph imaging.  Samples were 
fixed, stained, and examined as in Horner and Wagner (1980). 
Chloroplast Ultrastructure. Chloroplast surface area, volume and size were 
calculated from light micrograph images of protoplasts from Col-0 and imgi2 as 
previously described (Li et al., 2013).  Protoplasts were isolated as in Yoo et al. (2007) 
and 50 independent protoplasts were examined for each parameter. Chloroplast size 
refers to maximal length, and chloroplast surface area and volume were calculated 
assuming an ellipsoidal shape using the Cesaro formula (Ivanova and P’yankov, 2002), 
where Surface Area = 4 * π  * (a *b2)2/3  and Volume = (4/3) * π  * (a * b2); a = 
Chloroplast length/2 and  b = Chloroplast width/2. 
Protein Manipulations. Total cell proteins were isolated from Col-0, im, imgi2 and gi2 
leaves by previously described procedures (Yu et al., 2004) using leaf samples similar 
to those described in Pigment Analyses.  In brief, leaves were weighed, frozen in liquid 
N2 and homogenized in 2X SDS sample buffer.  The homogenates were incubated at 
65°C for two hours, then centrifuged (14,000 rpm for 10 min), and the supernatants 
were collected and electrophoresed through 12% SDS polyacrylamide gels on a equal 
fresh weight basis.  Western immunoblot analyses were carried out by established 
protocols using polyclonal antibodies to the large subunit of Rubisco (LS), the light 
harvesting complex protein (Lhcb2), Alpha subunit of ATP synthase (ATPα), 
Photosystem II subunit O (PsbO), Photosystem I subunit F (PsaF), PSII reaction center 
protein (D1) and the Reiske Fe-S center of the Cytochrome b6f complex (Reiske Fe-S).  
All of these antibodies have been previously characterized (Yu et al., 2008).  The 
SuperSignal West Pico chemiluminescence kit (Pierce) was used for signal detection.   
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Transcript Analysis by Quantitative PCR (qRT-PCR). Total cell RNAs were 
isolated from Arabidopsis leaf tissues using the Trizol RNA reagent (Invitrogen), then 
reverse transcribed using SuperScript® III First-Strand Synthesis System (Invitrogen).  
The RT reaction products were diluted 10 fold, and qRT-PCR reactions were then 
carried out in a total volume of 25 µl using the Maxima SYBR Green qPCR Master 
Mix (Thermo Scientific).  Expression values were normalized to ACTIN, and relative 
expression values were calculated using the equation 2dCT, where dCT = CT (reference 
gene) – CT (target gene).  Primers used in the expression analyses are listed in 
Supplemental Table S1.  
Chlorophyll Fluorescence Measurements. Chlorophyll fluorescence measurements 
were conducted as described (Baerr et al., 2005) on the top two pairs of rosette leaves 
from Col-0 and imgi2 at the same developmental stage (Stages I and III, respectively) 
using a PAM-2500 chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany).  
The leaves were dark-adapted leaves (15 min) prior to measurement of steady-state 
light response curves for excitation pressure (1-qP) (the redox state of the first electron 
acceptor of PSII; QA) and for relative linear electron transport rates (ETR).  
ROS staining assays. Procedures to detect O2- using Nitro Blue Tetrazolium (NBT) 
(Sigma Aldrich) have been described in Ramel et al. (2009).  In brief, leaves of Col-0, 
im, imgi2 and gi2 were vacuum infiltrated with 3.5 mg ml-1 NBT in 10mM potassium 
phosphate buffer containing 10 mM NaN3.  After two hours, the stained leaves were 
bleached by boiling for 5 min in an ethanol/glycerol/acetic acid solution (3:1:1) (v/v/v).  
The stained leaves were stored in an ethanol/glycerol solution (4:1) (v/v).   
Procedures to detect H2O2 using 3, 3'diaminobenzidine (DAB) (Sigma-Aldrich) have 
been described in Clarke et al. (2009).  In brief, Col-0, im, imgi2 and gi2 leaves were 
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vacuum infiltrated with a freshly prepared DAB solution (1mg/ml, pH 3.8), then 
immersed in the same solution for ~8 hr.  After staining, the leaves were bleached by 
boiling for 10 min in 95% ethanol, and stored in an ethanol/glycerol (4:1) solution.  
Starch staining and quantification.  To qualitatively assess starch contents, Col-0, im, 
imgi2 and gi2 plants were removed from soil just prior to bolting and bleached by 
boiling in 50 ml 80% ethanol (v/v) for ~30 min.  The plants were then stained for starch 
by immersion for 5 min in a solution of KI/I2 [1% KI (w/v), 0.1% I2 (w/v)].  After 
staining, the plants were destained in ddH2O for ~1 hour; photographs were 
immediately taken.  
For starch quantification, Col-0, im, imgi2 and gi2 plants were removed form the soil 
just prior to bolting, then weighed, boiled in 50 mL 80% (v/v) ethanol, and ground to a 
slurry using a mortar and pestle.  The slurries were centrifuged (8,500 rpm for 10 min) 
and the pellets were washed twice with 80% ethanol, resuspended in 15 mL ddH2O, 
then boiled for 30 min.  Total starch content was quantified using a Glucose assay kit 
(R-Biopharm, Darmstadt, Germany) according to manufacturer’s instructions.  
CO2 Assimilation Measurements 
For measuring the CO2 assimilation rates (A) with respect to the internal CO2 
concentration (Ci), the LI-COR 6400 (Li-Cor, Inc.) was used.  The ACi curves were 
plotted at a photosynthetic photon flux density (PPFD) of 200 µmol m-2 s-1, and the 
reference and sample IRGAs (infra-red gas analyzers) were matched automatically 
before taking each measurement.  
 
   
 
 
 
79 
Figure Legends 
Fig. 1 Leaf morphologies and pigment analyses. A) imgi2 at ~9, 10 and 12 weeks after 
germination. Plants were grown at 22°C under conditions of continuous illumination 
(100 µmol.m−2.s−1 ). B) Time taken to achieve floral transition in Col-0, im, imgi2 and 
gi2. C) Developmental stages of Col-0, im, imgi2 and gi2 examined at three time points 
post germination: ~4 weeks (Stage I), ~10 weeks (Stage II) and ~12 weeks (Stage III) 
D) Representative leaf developmental stages in Col-0, im, imgi2 and gi2 at stages I, II 
and III. E) and F) Chlorophyll and carotenoid contents in Col-0, im, imgi2 and gi2 
leaves across all 3 developmental stages, measured on a fresh weight basis. Fully 
expanded rosette leaves from individual plants at each stage were used for these 
measurements.  Error bars represent average ±SEM of 5 independent replicates, *** 
p<0.001 relative to Col-0 for Floral transition time, average ±SEM of 3 independent 
replicates, * p<0.05 relative to Stage I plants for chlorophyll/carotenoid measurements.  
Fig. 2 Cytokinin response analysis. A) Three week-old im plants were sprayed with 25 
µM BAP every three days for a period of two weeks; shown are plants after treatment 
for 2 weeks. B) Time taken to achieve the floral transition in im +/- treatment with 25 
µM BAP for two weeks. Error bars represent the average ±SEM of five independent 
replicates (*** p<0.001 relative to control plants). C) Total cell RNAs were isolated 
from im leaves that emerged after the two-week BAP treatment, and real time qRT-
PCR analyses were performed to examine the expression of cytokinin response genes 
(ARR4-7) and marker genes for the floral transition. Expression values are normalized 
to ACTIN and relative to control im plants. D)  Expression analysis using real time 
qRT-PCR for cytokinin response (ARR4-7) and cytokinin biosynthesis genes (IPT1 and 
IPT5) in Col-0, im, imgi2 and gi2 across all three developmental stages. The expression 
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values are normalized to ACTIN and relative to Col-0 stage I plants for each candidate 
gene. Error bars represent the average ±SEM of three technical and two biological 
replicates (*** p<0.001 relative to Col-0 Stage I plants). E) Representative im and 
detopped im plants are shown ~7 weeks post germination; im was detopped at ~ 6 
weeks.  
Fig. 3  imgi2 leaf and chloroplast morphologies.  A) Light micrograph sections of fully 
expanded Col-0 and imgi2 plants at the same developmental stage (just prior to 
flowering), stained with 1% (w/v) toluidine blue. Bar = 50 µm.   B) Bright field images 
of imgi2 and Col-0 protoplasts isolated from leaves (as in A).  Bar = 20 µm.   C) 
Chloroplast surface area, volume and length in Col-0 and imgi2. Error bars represent 
the average ±SEM of 50 independent replicates. imgi2 plastids show a significant 
decrease in all three parameters in comparison to Col-0 (*** p<0.001).  D) Expression 
analysis using real time qRT-PCR for PDV2 and CRF2 in Col-0, im, imgi2, and gi2 
across all three developmental stages.  Expression values are normalized to ACTIN and 
relative to Col-0 stage I plants. Error bars for expression analyses represent the average 
±SEM of three technical and two biological replicates (*** p<0.001, ** p<0.01).   E) 
Transmission electron micrograph images showing Col-0 and imgi2 chloroplasts, 
respectively, at the same developmental stage (St- Stroma, G- Grana, E- Envelope, P- 
Plastoglobule, S- Starch granule). 
Fig. 4 Mechanism of variegation suppression in imgi2 and imsex1-1: Through its 
interaction with SPY and GA signaling, gi causes a de-repression of cytokinin signaling 
which alters chloroplast biogenesis as well as floral transition time in imgi2 plants. 
imsex1-1 plants phenocopy imgi2 plants, possibly by utilizing the same downstream 
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components (cytokinin-GA signaling pathways) as in imgi2 and cause suppression of 
variegation late during development. 
Fig. 5  Rescue of imgi2 by spy and GA. A) Representative Col-0, im, spy4, imgi2spy4, 
img2 and gi2 at  ~8 weeks post-germination.  Plants were grown as in Figure 1A.   B) 
Time taken to achieve the floral transition in Col-0, im, spy4, imgi2spy4, img2 and gi2. 
Error bars represent the average ±SEM of five independent replicates (*** p<0.001 
relative to Col-0 plants). C) qRT-PCR analysis of cytokinin response genes (ARR4-7) 
and a GA response gene, GASA4, in imgi2spy4 and imgi2 at the same developmental 
stage prior to flowering.  Expression values were normalized to ACTIN and relative to 
imgi2 plants. Error bars for expression analyses represent the average ±SEM of three 
technical and two biological replicates (*** p<0.001). D) Representative imgi2 control 
plants and imgi2 plants sprayed with GA3 for 6 weeks and photographed at ~10 weeks 
post germination. E) Time taken to achieve the floral transition in imgi2 control plants 
and and imgi2 plants treated with GA3. Error bars represent the average ±SEM of five 
independent replicates (*** p<0.001 relative to imgi2 plants of the same age). F) qRT-
PCR analysis of cytokinin response genes (ARR4-7) and a GA response gene, GASA4, 
in 10 week old imgi2 control plants as well as imgi2 plants treated with GA3. 
Expression values were normalized to ACTIN and relative to imgi2 control plants. Error 
bars for expression analyses represent the average ±SEM of three technical and two 
biological replicates (** p<0.005, * p<0.01). G) Col-0, im imgi2, gi2, spy4 and 
imgi2spy4 seeds were grown on MS media supplemented with 35mg/L Paclobutrazol 
(PAC). Average Germination percentage was estimated after 10 days from 75 seeds 
sown on 3 independent plates (25 seeds/plate) supplemented with PAC. H) 
Representative im and PAC treated im plants ~4 weeks following treatment. Plants 
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were grown as in Figure 1A and watered with PAC ~2 weeks post germination. I) Time 
taken to achieve the floral transition in im and PAC treated im plants. Error bars 
represent the average ±SEM of five independent replicates (*** p<0.001 relative to 
control im plants). J) qRT-PCR analysis of the GA response gene, GASA4, in Col-0, im, 
imgi2 and gi2 at all three developmental. Expression values were normalized to ACTIN 
and relative to Col-0 Stage I plants. Error bars for expression analyses represent the 
average ±SEM of three technical and two biological replicates (*** p<0.001, ** 
p<0.005, * p<0.01).  
Fig. 6 Photosynthetic protein accumulation in leaves of Col-0, im, imgi2, and gi2 at 
Stages I, II and III. Total leaf proteins were isolated from the top two fully-expanded 
rosette leaves at each developmental stage, and were loaded on a fresh weight basis for 
electrophoresis via 12% SDS PAGE. Immunoblots were performed using polyclonal 
antibodies to the large subunit of Rubisco (LS), the light harvesting complex protein 
(Lhcb2), Alpha subunit of ATP synthase (ATPα), Photosystem II subunit O (PsbO), 
Photosystem I subunit F (PsaF), PSII reaction center protein (D1) and the Reiske Fe-S 
center of the Cytochrome b6f complex (Rieske Fe-S).  
Fig. 7 Photosynthesis and ROS accumulation.  A) and B) Chlorophyll fluorescence 
parameters were measured on detached leaves from imgi2 and Col-0 under varying 
light intensities.  A) Excitation Pressure (1-qP) is a measure of the redox state of the QA 
e- of PSII.  B) relative linear electron transport rates (ETR).  C) DAB and NBT staining 
to detect H2O2 and O2-, respectively, in Col-0, im, imgi2 and gi2 across all three 
developmental stages. D) Expression analysis using real time qRT-PCR for stromal and 
thylakoid APX genes in imgi2 at Stages I, II, and III (S1, S2, S3). Expression values are 
normalized to ACTIN and relative to stage I plants. Error bars for expression analyses 
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represent the average ±SEM of three technical and two biological replicates (*** 
p<0.001 relative to Stage I). 
Fig. 8 Suppression of variegation in imsex1-1 double mutants. A) Qualitative analysis 
of starch in Col-0, im, imgi2 and gi2 at the same developmental stage (just prior to 
bolting). Plants were removed from the soil and stained with KI/I2 and destained in H2O 
for one hour following which the plants were imaged. B) Quantitative analysis of starch 
levels in Col-0, im, imgi2 and gi2 at the same developmental stage (prior to flowering).  
Error bars represent the average ±SEM of three independent replicates, (* p<0.05 
relative to Col-0 plants).  C) Representative Col-0, im, imsex1-1, sex1-1 plants ~10 
weeks post-germination. The imsex1-1 plants are late-flowering, produce variegated 
leaves early in development and begin to turn completely green later on in 
development, similar to imgi2. D) CO2 assimilation rates (A) with respect to the 
internal CO2 concentrations (Ci) in Col-0, im, imgi2, gi2, imsex1-1, sex1-1 plants at the 
same developmental stage (prior to flowering). The ACi curves were plotted at a 
photosynthetic photon flux density (PPFD) of 200 µmol. m-2 s-1. Error bars represent 
average ±SEM of five biological replicates. 
 
 
 
   
 
 
 
84 
 
 
Fig. 1 Leaf morphologies and pigment analyses 
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Figure 1.  Leaf morphologies and pigment analyses. A) imgi2 at ~9, 10 and 12 weeks after germination. Plants were grown at 22°C 
under conditions of continuous illumination (100 µmol.m−2.s−1 ). B) Time taken to achieve floral transition in Col-0, im, imgi2 and gi2. 
C) Developmental stages of Col-0, im, imgi2 and gi2 examined at three time points post germination: ~4 weeks (Stage I), ~10 
weeks (Stage II) and ~12 weeks (Stage III). D)Representative leaf developmental stages in Col-0, im, imgi2 and gi2 at stages I, II 
and III. E) and F) Chlorophyll and carotenoid contents in Col-0, im, imgi2 and gi2 leaves across all 3 developmental stages, 
measured on a fresh weight basis. Fully expanded rosette leaves from individual plants at each stage were used for these 
measurements.  Error bars represent average ±SEM of 5 independent replicates, *** p<0.001 relative to Col-0 for Floral transition 
time, average ±SEM of 3 independent replicates, * p<0.05 relative to Stage I plants for chlorophyll/carotenoid measurements.  
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Fig. 2 Cytokinin response analysis 
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Figure 2. Cytokinin responses. A) Three week-old im plants were sprayed with 25 µM BAP every three days for a period of two weeks; 
shown are plants after treatment for 2 weeks. B) Time taken to achieve the floral transition in im +/- treatment with 25 µM BAP for two 
weeks. Error bars represent the average ±SEM of five independent replicates (*** p<0.001 relative to control plants). C) Total cell RNAs 
were isolated from im leaves that emerged after the two-week BAP treatment, and real time qRT-PCR analyses were performed to examine 
the expression of cytokinin response genes (ARR4-7) and marker genes for the floral transition. Expression values are normalized to ACTIN 
and relative to control im plants. D)  Expression analysis using real time qRT-PCR for cytokinin response (ARR4-7) and cytokinin 
biosynthesis genes (IPT1 and IPT5) in Col-0, im, imgi2 and gi2 across all three developmental stages. The expression values are 
normalized to ACTIN and relative to Col-0 stage I plants for each candidate gene. Error bars represent the average ±SEM of three technical 
and two biological replicates (*** p<0.001 relative to Col-0 Stage I plants). E) Representative im and detopped im plants are shown ~7 
weeks post germination; im was detopped at ~ 6 weeks.  
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Fig. 3  imgi2 leaf and chloroplast morphologies 
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Figure 3. imgi2 leaf and chloroplast morphologies.  A) Light micrograph sections of fully expanded Col-0 and imgi2 plants at the same 
developmental stage (just prio  to flowering), stained with 1% (w/v) toluidine blue. Bar = 50 µm.   B) Bright field images of imgi2 and Col-0 
protoplasts isolated from leaves (as in A).  Bar = 20 µm.   C) Chloroplast surface area, volume and length in Col-0 and imgi2. Error bars 
represent the average ±SEM of 50 independent replicates. imgi2 plastids show a significant decrease in all three parameters in 
comparison to Col-0 (*** p<0.001).  D) Expression analysis using real time qRT-PCR for PDV2 and CRF2 in Col-0, im, imgi2, and gi2 
across all three developmental stages.  Expression values are normalized to ACTIN and relative to Col-0 stage I plants. Error bars for 
expression analyses represent the average ±SEM of three technical and two biological replicates (*** p<0.001, ** p<0.01).   E) 
Transmission electron micrograph images showing Col-0 and imgi2 chloroplasts, respectively, at the same developmental stage (St- 
Stroma, G- Grana, E- Envelope, P- Plastoglobule, S- Starch granule). 
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Fig. 4 Mechanism of variegation suppression in imgi2 and imsex1-1 
 
 
 
 
Figure 4.  Mechanism of variegation suppression in imgi2 and imsex1-1: Through its interaction with SPY and 
GA signaling, gi causes a de-repression of cytokinin signaling which alters chloroplast biogenesis as well as 
floral transition time in imgi2 plants. imsex1-1 plants phenocopy imgi2 plants, possibly by utilizing the same 
downstream components (cytokinin-GA signaling pathways) as in imgi2 and cause suppression of variegation 
late during development. 
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Fig. 5 Rescue of imgi2 by spy and GA 
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Figure 5. Rescue of imgi2 by spy and GA. A) Representative Col-0, im, spy4, imgi2spy4, img2 and gi2 at  ~8 weeks post-germination.  Plants 
were grown as in Figure 1A.   B) Time taken to achieve the floral transition in Col-0, im, spy4, imgi2spy4, img2 and gi2. Error bars represent the 
average ±SEM of five independent replicates (*** p<0.001 relative to Col-0 plants). C) qRT-PCR analysis of cytokinin response genes (ARR4-7) 
and a GA response gene, GASA4, in imgi2spy4 and imgi2 at the same developmental stage prior to flowering.  Expression values were 
normalized to ACTIN and relative to imgi2 plants. Error bars for expression analyses represent the average ±SEM of three technical and two 
biological replicates (*** p<0.001). D) Representative imgi2 control plants and imgi2 plants sprayed with GA3 for 6 weeks and photographed at 
~10 weeks post germination. E) Time taken to achieve the floral transition in imgi2 control plants and and imgi2 plants treated with GA3. Error 
bars represent the average ±SEM of five independent replicates (*** p<0.001 relative to imgi2 plants of the same age). F) qRT-PCR analysis of 
cytokinin response genes (ARR4-7) and a GA response gene, GASA4, in 10 week old imgi2 control plants as well as imgi2 plants treated with 
GA3. Expression values were normalized to ACTIN and relative to imgi2 control plants. Error bars for expression analyses represent the 
average ±SEM of three technical and two biological replicates (** p<0.005, * p<0.01). G) Col-0, im imgi2, gi2, spy4 and imgi2spy4 seeds were 
grown on MS media supplemented with 35mg/L Paclobutrazol (PAC). Average Germination percentage was estimated after 10 days  from 75 
seeds sown on 3 independent plates (25 seeds/plate) supplemented with PAC. H) Representative im and PAC treated im plants ~4 weeks 
following treatment. Plants were grown as in Figure 1A and watered with PAC ~2 weeks post germination. I) Time taken to achieve the floral 
transition in im and PAC treated im plants. Error bars represent the average ±SEM of five independent replicates (*** p<0.001 relative to control 
im plants). J) qRT-PCR analysis of the GA response gene, GASA4, in Col-0, im, imgi2 and gi2 at all three developmental. Expression values 
were normalized to ACTIN and relative to Col-0 Stage I plants. Error bars for expression analyses represent the average ±SEM of three 
technical and two biological replicates (*** p<0.001, ** p<0.005, * p<0.01).  
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Fig. 6 Photosynthetic protein accumulation in leaves of Col-0, im, imgi2, and gi2 at 
Stages I, II and III 
 
 
 
 
Figure 6. Photosynthetic protein accumulation in leaves of Col-0, im, imgi2, and gi2 at Stages I, II and III. 
Total leaf proteins were isolated from the top two fully-expanded rosette leaves at each developmental 
stage, and were loaded on a fresh weight basis for electrophoresis via 12% SDS PAGE. Immunoblots 
were performed using polyclonal antibodies to the large subunit of Rubisco (LS), the light harvesting 
complex protein (Lhcb2), Alpha subunit of ATP synthase (ATPα), Photosystem II subunit O (PsbO), 
Photosystem I subunit F (PsaF), PSII reaction center protein (D1) and the Reiske Fe-S center of the 
Cytochrome b6f complex (Rieske Fe-S).  
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Fig. 7 Photosynthesis and ROS accumulation 
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Figure 7. Photosynthesis and ROS accumulation.  A) and B) Chlorophyll fluorescence parameters were measured on 
detached leaves from imgi2 and Col-0 under varying light intensities.  A) Excitation Pressure (1-qP) is a measure of the redox 
state of the QA e- of PSII.  B) relative linear electron transport rates (ETR).  C) DAB and NBT staining to detect H2O2 and O2-, 
respectively, in Col-0, im, imgi2 and gi2 across all three developmental stages. D) Expression analysis using real time qRT-
PCR for stromal and thylakoid APX genes in imgi2 at Stages I, II, and III (S1, S2, S3). Expression values are normalized to 
ACTIN and relative to stage I plants. Error bars for expression analyses represent the average ±SEM of three technical and 
two biological replicates (*** p<0.001 relative to Stage I). 
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Fig. 8 Suppression of variegation in imsex1-1 double mutants 
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Figure 8. Suppression of variegation in imsex1-1 double mutants. A) Qualitative analysis of starch in Col-0, im, imgi2 and 
gi2 at the same developmental stage (just prior to bolting). Plants were r moved fr m the soil and stained with KI/I2 and 
destained in H2O for one hour following which the plants were imaged. B) Quantitative analysis of starch levels in Col-0, 
im, imgi2 and gi2 at the same developmental stage (prior to flowering).  Error bars represent the average ±SEM of three 
independent replicates, (* p<0.05 relative to Col-0 plants).  C) Representative Col-0, im, imsex1-1, sex1-1 plants ~10 
weeks post-germination. The imsex1-1 plants are late-flowering, produce variegated leaves early in development and 
begin to turn completely green later on in development, similar to imgi2. D) CO2 assimilation rates (A) with respect to the 
internal CO2 concentrations (Ci) in Col-0, im, imgi2, gi2, imsex1-1, sex1-1 plants at the same developmental stage (prior 
to flowering). The ACi curves were plotted at a photosynthetic photon flux density (PPFD) of 200 µmol. m-2 s-1. Error bars 
represent average ±SEM of five biological replicates. 
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Table. S1. List of primers used in this study 
 
ARR4 F 5’-ATG GCC AGA GAC GGT GGT GTT TCT-3’ 
ARR4 R 5’-CTT TGC AGG AAG TAA TAC GAA-3’ 
ARR5 F 5’-ATG GCT GAG GTT TTG CGT CCC-3’ 
ARR5 R 5’-CTC AAA TCC AAC CGA ACT ATT-3’ 
ARR6 F 5’-ATG GCT GAA GTT ATG CTA CCG AGG-3’ 
ARR6 R 5’-CTC AAA ACC GAC TGA TTT TTC CTC-3’ 
ARR7 F 5’-ATG GCG GTT GGT GAG GTC ATG AGG-3’ 
ARR7 R 5’-CTT AAG ATT AGA AGC CCC TTT GCC -3’ 
FT F 5’-ATG TCT ATA AAT ATA AGA GAC CCTC-3’ 
FT R 5’-CTA AAG TCT TCT TCC TCC GCA GCC AC-3’ 
SOC1F 5’-ATG GTG AGG GGC AAA ACT CAG ATG-3’ 
SOC1R 5’-CTT TTC AGA GAG CTT CTC GTT TTC-3’ 
COF 5’-CAC ACC ATC AAA CTT ACT ACA TCTG-3’ 
COR 5’-CTG AAA ATT CTG TTG GTT ATG GCAC-3’ 
GI F 5’-CTT GTT GAT GGA GAA GCT TGT ACAT-3’ 
GI R 5’-GCT TAT TGG GAC AAG GAT ATA GTAC-3’ 
IPT1F 5’-ATG ACA GAA CTC AAC TTC CAC CTC-3’ 
IPT1R 5’-GAC GGA AAG TCT TGA TTT TCC GGC-3’ 
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Table. S1 (Continued) 
 
IPT5F 5’-ATG AAG CCA TGC ATG ACG GCT CT-3’ 
IPT5R 5’-GCCAAGGCTTTCCTCAGGAGTGACTT-3’ 
PDV2F 5’-ATG GAA GAC GAA GAA GGC ATC GGG-3’ 
PDV2R 5’-GAG CTT CAA GAG CAT CAC GAA TAC-3’ 
CRF2F 5’-ATG GAA GCG GAG AAG AAA ATG GTT-3’ 
CRF2R 5’-TAA CAA CAG CAC CGG AAT CGA GAT-3’ 
tAPXF 5’-ATT TCA CCA AAA TGT GCC GC-3’ 
tAPXR 5’-TTT TCC CCA ACC ACT ACG GTC-3’ 
sAPXF 5’-ATG GCA GAG CGT GTG TCT CT-3’ 
sAPXR 5’-GTA CCA GCA TCA TGC CAA CC-3’ 
GASA4F 5’-GAG GAG TGT TTG GTT CTT TGG-3’ 
GASA4R  5’-TAA AAA GGG AAC GAA GGG AG-3’ 
ACTINF 5’-CTT CTT CCG CTC TTT CTT TCC AAG-3’ 
ACTINR 5’-GAG CTT CTC CTT GAT GTC TCT TAC-3’ 
imDCAPSF 
(HpaII) 5’-TTT GAA AGT ACA CTT TGC TGA GAG CCG-3’ 
imDCAPSR 
(HpaII) 5’-AGA ATT TCC ACC CAA TTC CTG TGA TTA-3’ 
gi2DCAPSF 5’-GTG GAG AAA TCC TTC GCA TTT-3’ 
gi2DCAPSR 5’-GTA GCT TTG CTC AGA CAA TTT-3’ 
spy4F 5’-CTC CTA AAT GGC TGG ACA TAA TTC-3’ 
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Table. S1 (Continued) 
 
spy4R 5’-CTA AAA TCT TGT TCA CCT TCA AAG-3’ 
spy4TDNA 5’-TCA CTA AAG GCG GTA ATA CGG GTA-3’ 
sex1DCAPSF 
(XhoI) 5’-GTT TCA GGT GGT CAA AGG CCT CG-3’ 
sex1DCAPSR 
(XhoI) 
5’-CAG AGG CGA ATC AAG GTT GTT TTT-3’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
95 
References 
Albrecht M, Klein A, Hugueney P, Sandmann G, Kuntz M (1995) Molecular 
cloning and functional expression in E. coli of a novel plant enzyme mediating ζ-
carotene desaturation. FEBS Lett 372: 199–202 
 
 
Baerr JN, Thomas JD, Taylor BG, Rodermel SR, Gray GR (2005) Differential 
photosynthetic compensatory mechanisms exist in the immutans mutant of Arabidopsis 
thaliana. Physiol Plant 124: 390–402 
 
 
Cao S, Jiang S, Zhang R (2006) The role of GIGANTEA gene in mediating the 
oxidative stress response and in Arabidopsis. Plant Growth Regul 48: 261–270 
 
 
Cao S, Song YQ, Su L (2007) Freezing sensitivity in the gigantea mutant of 
Arabidopsis is associated with sugar deficiency. Biol Plantarum 51:  359-362 
 
 
Carol P, Stevenson D, Bisanz C, Breitenbach J, Sandmann G, Mache R, Coupland 
G, Kuntz M (1999) Mutations in the Arabidopsis gene IMMUTANS cause a 
variegated phenotype by inactivating a chloroplast terminal oxidase associated with 
phytoene desaturation. Plant Cell 11: 57–68 
 
 
Clarke JD (2009) Phenotypic analysis of Arabidopsis mutants: diaminobenzidine stain 
for hydrogen peroxide. Cold Spring Harb Protoc 6:pdb-prot4981 
 
 
Dietz KJ, Schreiber U, Heber U (1985)  The relationship between the redox state of 
QA and photosynthesis in leaves at various carbon-dioxide, oxygen and light regimes. 
Planta 166:  219-226 
 
 
Eimert K, Wang SM, Lue WI, Chen J (1995) Monogenic recessive mutations 
causing both late floral initiation and excess starch accumulation in Arabidopsis. Plant 
Cell 7: 1703–1712 
 
 
Fleishon S, Shani E, Ori N, Weiss D (2011) Negative reciprocal interactions between 
gibberellin and cytokinin in tomato. New Phytol 190: 609–617 
 
 
Foudree A, Putarjunan A, Kambakam S, Nolan T, Fussell J, Pogorelko G, 
Rodermel S (2012)  The mechanism of variegation in immutans provides insight into 
chloroplast biogenesis. Front Plant Sci 3: 260 
   
 
 
 
96 
 
 
Fowler S, Lee K, Onouchi H, Samach A, Richardson K, Coupland G, Putterill J 
(1999) GIGANTEA:  a circadian clock-controlled gene that regulates photoperiodic 
flowering in Arabidopsis and encodes a protein with several possible membrane-
spanning domains. EMBO J 18: 4679–4688 
 
 
Fu A, Liu H, Yu F, Kambakam S, Luan S, Rodermel S (2012) Alternative oxidases 
(AOX1a and AOX2) can functionally substitute for plastid terminal oxidase in 
Arabidopsis chloroplasts. Plant Cell 24:1579–1595 
 
 
Glynn JM, Froehlich JE, Osteryoung KW (2008) Arabidopsis ARC6 coordinates the 
division machineries of the inner and outer chloroplast membranes through interaction 
with the PDV2 in the intermembrane space. Plant Cell 20: 2460-2470 
 
 
Greenboim-Wainberg Y, Maymon I, Borochov R, Alvarez J, Olszewski N, Ori N, 
Eshed Y, Weiss D (2005) Cross talk between gibberellin and cytokinin: The 
Arabidopsis GA response inhibitor SPINDLY plays a positive role in cytokinin 
signaling. Plant Cell 17: 92–102 
 
 
Grevelding C, Suter-Crazzolara C, von Menges A, Kemper E, Masterson R, Schell 
J, Reiss B (1996) Characterization of a new allele of pale cress and its role in greening 
in Arabidopsis thaliana. Mol Gen Genet 2511(1): 532–541 
 
 
Horner HT, Wagner BL (1980) The association of druse crystals with the developing 
stomium of Capsicum annum (Solanaceae) anthers. Am J Bot 67: 1347–1360 
 
 
Hüner NPA, Oquist G, Sarhan F (1998) Energy balance and acclimation to light and 
cold. Trends Plant Sci 3:224–230 
 
 
Huq E, Tepperman JM, Quail PH (2000) GIGANTEA is a nuclear protein involved 
in phytochrome signaling in Arabidopsis. Proc Natl Acad Sci USA 97: 9789–9794 
 
 
Hutchinson CE, Kieber JJ (2002) Cytokinin signaling in Arabidopis. Plant Cell 14: 
S47–S59 
 
 
Ivanova LA, P’yankov VI (2002) Structural adaptation of the leaf mesophyll to 
shading. Russian J Plant Physiol 49: 419–431 
   
 
 
 
97 
 
 
Jacobsen SE, Olszewski NE (1993) Mutations at the SPINDLY locus of Arabidopsis 
alter gibberellin signal transduction. Plant Cell 5: 887–896 
 
 
Jacobsen S, Binkowski K, Olszewski N (1996) SPINDLY, a tetratricopeptide repeat 
protein involved in gibberellin signal transduction in Arabidopsis. Proc Natl Acad Sci 
USA 93: 9292-9296 
 
 
Koornneef M, Alonso-Blanco C, Blankestijn-de Vries H, Hanhart CJ, Peeters AJ 
(1998) Genetic interactions among late-flowering mutants of Arabidopsis. Genetics 
148: 885-892 
Kurepa J, Smalle J, Van Montagu M, Inzé D (1998a) Oxidative stress tolerance and 
longevity in Arabidopsis:  the late-flowering mutant gigantea is tolerant to paraquat. 
Plant J 14: 759–764 
 
 
Kurepa J, Smalle J, Van Montagu M, Inzé D (1998b) Effects of sucrose supply on 
growth and paraquat tolerance of the late-flowering gi-3 mutant. Plant Growth Regul 
26: 91–96 
 
 
Levy YY, Dean C (1998) The transition to flowering. Plant Cell 10: 1973–1989 
 
 
Li Y, Ren B, Ding L, Shen Q, Peng S, Guo S (2013) Does chloroplast size influence 
photosynthetic nitrogen use efficiency? PLoS ONE 8: e62036  
 
 
Lichtenthaler HK, Buschmann C (1978) Control of chloroplast development by red 
light, blue light and phytohormones, eds Akoyunoglou G, Chloroplast Development, 
Elsevier, Amsterdam pp 801-816 
 
 
Lichtenthaler HK (1987) Chlorophylls and carotenoids: pigments of photosynthetic 
biomembranes, eds Packer L, Douce R, Methods in Enzymology, Academic Press, San 
Diego, pp 350–382 
Matsoukas IG, Massiah AJ, Thomas B (2013) Starch metabolism and antiflorigenic 
signals modulate the juvenile-to-adult phase transition in Arabidopsis. Plant Cell 
Environ 36(10):  1802-1811 
 
 
McCabe MS, Garratt LC, Schepers F, Jordi WJRM, Stoopen GM, Davelaar E, 
Van Rhijn JHA, Power JB, Davey MR (2001) Effects of P-SAG12-IPT gene 
   
 
 
 
98 
expression on development and senescence in transgenic lettuce. Plant Physiol 127: 
505–516 
 
 
McDonald AE, Ivanov AG, Bode R, Maxwell DP, Rodermel SR, Hüner NPA 
(2011) Flexibility in photosynthetic electron transport: the physiological role of 
plastoquinol terminal oxidase (PTOX). Biochim Biophys Acta 1807: 954–967 
 
 
Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, 
Gollery M, Shulaev V, Van Breusegem F (2011) ROS signaling: the new wave? 
Trends Plant Sci 16: 300–309 
 
 
Miyagishima SY, Froehlich JE, Osteryoung KW (2006) PDV1 and PDV2 mediate 
recruitment of the dynamin-related protein ARC5 to the plastid division site. Plant 
Cell 18: 2517–2530 
 
 
Miyawaki K, Matsumoto-Kitano M, Kakimoto T (2004) Expression of cytokinin 
biosynthetic isopentenyltransferase genes in Arabidopsis: Tissue specificity and 
regulation by auxin, cytokinin, and nitrate. Plant J 37: 128–138 
 
 
Niyogi KK (2000) Safety valves for photosynthesis. Curr Opin Plant Biol 3: 455–460 
 
 
Okazaki K, Kabeya Y, Suzuki K, Mori T, Ichikawa T, Matsui M, Nakanishi H, 
Miyagishima SY (2009) The PLASTID DIVISION1 and 2 components of the 
chloroplast division machinery determine the rate of chloroplast division in land plant 
cell differentiation. Plant Cell 21: 1769–1780 
 
 
Okegawa Y, Kobayashi Y, Shikanai T (2010) Physiological links among alternative 
electron transport pathways that reduce and oxidize plastoquinone in Arabidopsis. Plant 
J 63: 458–168 
 
 
Paparelli E, Parlanti S, Gonzali S, Novi G, Mariotti L, Ceccarelli N, van Dongen 
JT, Kölling K, Zeeman SC, Perata P (2013) Nighttime sugar starvation orchestrates 
gibberellin biosynthesis and plant growth in Arabidopsis. Plant Cell 25:  3760-3769 
 
 
Park DH, Somers D, Kim JS, Choy YH, Lim HK, Soh MS, Kim HJ, Kay SA, Nam 
HG (1999) Control of circadian rhythms and photoperiodic flowering by the 
Arabidopsis GIGANTEA gene Science 285:  1579–1582 
 
   
 
 
 
99 
 
Peltier G, Cournac L (2002) Chlororespiration. Annu Rev Plant Biol 53:  523-550 
Pogson BJ, Albrecht V (2011) Genetic dissection of chloroplast biogenesis and 
development: an overview. Plant Physiol 155: 1545–1551 
 
 
Preston C (1994) Mechanisms of resistance to herbicides interacting with photosystem 
I, eds. Powles SB, Holtum JAM, Herbicide Resistance in Plants: Biology and 
Biochemistry, Lewis Publishers, Chelsea, MI, pp 61 
 
 
Putarjunan A, Liu X, Nolan T, Yu F, Rodermel S (2013) Understanding chloroplast 
biogenesis using second-site suppressors of immutans and var2. Photosynth Res 116: 
437–453 
 
 
Ramel F, Sulmon C, Bogard M, Couée I, Gouesbet G (2009) Differential patterns of 
reactive oxygen species and antioxidative mechanisms during atrazine injury and 
sucrose-induced tolerance in Arabidopsis thaliana plantlets. BMC Plant Biol 9:28 
 
 
Rédei GP (1962) Supervital Mutants of Arabidopsis. Genetics 47(4): 443–460 
 
 
Rédei GP (1963) Somatic instability caused by a cysteine-sensitive gene in 
Arabidopsis. Science 139: 767-769 
 
 
Rédei GP (1967) Biochemical aspects of a genetically determined variegation in 
Arabidopsis. Genetics 56: 431-443 
 
 
Rédei GP (1975) Arabidopsis as a genetic tool. Annu Rev Genet 9: 111-127 
 
 
Röbbelen G (1968) Genbedingte Rotlicht-Empfindlichkeit der Chloroplasten 
differenzierung bei Arabidopsis. Planta 80: 237–254 
 
 
Rosso D, Bode R, Li W, Krol M, Saccon D, Wang S, Schillaci LA, Rodermel SR, 
Maxwell DP, Hüner NP (2009) Photosynthetic redox imbalance governs leaf sectoring 
in the Arabidopsis thaliana variegation mutants immutans, spotty, var1, and var2. Plant 
Cell 21: 3473–3492   
 
 
Sakakibara H (2006) Cytokinins:  activity, biosynthesis, and translocation. Annu Rev 
Plant Biol 57: 431–449 
   
 
 
 
100 
 
 
Sawa M, Kay SA, Imaizumi T (2008) Photoperiodic flowering occurs under internal 
and external coincidence. Plant Signal Behav 4: 269-271 
 
 
Sawa M, and Kay SA (2011) GIGANTEA directly activates Flowering Locus T in 
Arabidopsis thaliana. Proc Natl Acad Sci USA 108:  11698–11703 
 
 
Shahbazi M, Gilbert M, Labouré AM, and Kuntz M (2007) Dual role of the plastid 
terminal oxidase in tomato. Plant Physiol 145: 691–702 
 
 
Shigeoka S, Ishikawa T, Tamoi M, Miyagawa Y, Takeda T, Yabuta Y, Yoshimura 
K (2002) Regulation and function of ascorbate peroxidase isoenzymes. J Exp Bot 53: 
1305–1319 
 
 
Slade P (1966) The Fate of Paraquat Applied to Plants. Weed Research 6(2):  158-167 
Smith WK, Vogelmann TC, DeLucia EH, Bell DT, Shepherd KA (1997) Leaf form 
and photosynthesis: do leaf structure and orientation interact to regulate internal light 
and carbon dioxide? Biosci  47:785–793 
 
 
Stoynova EZ, Iliev LK, Georgiev GT (1996) Structural and functional alterations in 
radish plants induced by the phenylurea cytokinin 4-PU-30. Biol Plantarum 38: 237–
244 
 
 
Swain S, Tseng T, Olszewski N (2001) Altered expression of SPINDLY affects 
gibberellin response and plant development. Plant Physiol 126: 1174-1185 
Tseng TS, Patrice A, Salome PA, McClung CR, Olszewski NE (2004) SPINDLY 
and GIGANTEA interact and act in Arabidopsis thaliana pathways involved in light 
responses, flowering, and rhythms in cotyledon movements. Plant Cell 16: 1550–1563 
 
 
van der Graaff E, Hooykaas P, Lein W, Lerchl J, Kunze G, Sonnewald U, Boldt R 
(2004) Molecular analysis of “de novo” purine biosynthesis in solanaceous species and 
in Arabidopsis. Front Biosci 9: 1803–1816 
 
 
Wang J, Letham DS, Cornish E, Wei K, Hocart CH, Michael M, Stevenson KR 
(1997) Studies of cytokinin action and metabolism using tobacco plants expressing 
either the ipt or the GUS gene controlled by a chalcone synthase promoter ipt and GUS 
gene expression, cytokinin levels and metabolism. Aust J Plant Physiol 24: 673–683 
 
   
 
 
 
101 
 
Wang TL, Thompson AG, Horgan R (1977) A cytokinin glucoside from the leaves of 
Phaseolus vulgaris L. Planta 135: 285–288 
 
 
Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, Schmülling T (2003) 
Cytokinin-deficient transgenic Arabidopsis plants show multiple developmental 
alterations indicating opposite functions of cytokinins in the regulation of shoot and 
root meristem activity. Plant Cell 15: 2532–2550  
 
 
Wetzel CM, Jiang CZ, Meehan LJ, Voytas DF, Rodermel SR (1994) Nuclear-
organelle interactions:  the immutans variegation mutant of Arabidopsis is plastid 
autonomous and impaired in carotenoid biosynthesis. Plant J 6: 161-175 
 
 
Wetzel CM, Rodermel S (1998) Regulation of phytoene desaturase expression is 
independent of leaf pigment content in Arabidopsis thaliana. Plant Mol Biol 37: 1045–
1053 
 
 
Wu D, Wright D, Wetzel C, Voytas 
D, RodermelS (1999) The IMMUTANS variegation locus of Arabidopsis defines a 
mitochondrial alternative oxidase homolog that functions during early chloroplast 
biogenesis. Plant Cell 11: 43–55 
 
 
Yano R, Nakamura M, Yoneyama T, Nishida I (2005) Starch-related alpha-
glucan/water dikinase is involved in the cold-induced development of freezing 
tolerance in Arabidopsis. Plant Physiol 138: 837–846 
 
Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts: A versatile cell 
system for transient gene expression analysis. Nat Protoc 2: 1565-1575 
 
 
Yu F, Park S, Rodermel S (2004) The Arabidopsis FtsH metalloprotease gene family: 
interchangeability of subunits in chloroplast oligomeric complexes. Plant J. 37: 864–
876 
 
 
Yu F, Fu A, Aluru M, Park S, Xu Y, Liu H, Liu X, Foudree A, Nambogga M, 
Rodermel S (2007) Variegation mutants and mechanisms of chloroplast biogenesis. 
Plant Cell Environ 30: 350-365 
 
 
   
 
 
 
102 
Yu F, Liu X, Alsheikh M, Park S, Rodermel S (2008) Mutations in SUPPRESSOR 
OF VARIEGATION1, a factor required for normal chloroplast translation, suppress 
var2-mediated leaf variegation in Arabidopsis. Plant Cell 20: 1786–1804 
 
 
Yu T-S, Kofler H, Häusler RE, Hille D, Flügge U-I, Zeeman SC, Smith AM, 
Kossmann J, Lloyd J, Ritte G, et al (2001) The Arabidopsis sex1 mutant is defective 
in the R1 protein, a general regulator of starch degradation in plants, and not in the 
chloroplast hexose transporter. Plant Cell 13: 1907–1918 
 
 
Zavaleta-Mancera HA, Thomas BJ, Thomas H, Scott IM (1999) Regreening of 
senescent Nicotiana leaves. II. Redifferentiation of plastids. J Exp Bot 50: 1683–1689 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
103 
CHAPTER 3. DEFECTS IN THE CYTOSOLIC TRANSLATION  
ELONGATION FACTOR EF1A RESTORE NORMAL CHLOROPLAST  
BIOGENESIS IN immutans 
A paper to be submitted to Plant Physiology 
Aarthi Putarjunan, Huiying Liu and Steve Rodermel 
Abstract 
The immutans (im) variegation mutant of Arabidopsis is an ideal system to gain 
insight into the factors involved in controlling chloroplast biogenesis.  im defines the 
gene for PTOX, a plastoquinol terminal oxidase that participates in the control of 
thylakoid redox within the plastid.  Here, using EMS mutagenesis approaches, we 
report the identification of a bypass suppressor of im – ems41 that suppresses im 
variegation by modulating membrane biogenesis in the im background. The ems41 
single mutants (ef1A) show delayed greening in comparison to wild-type plants 
indicating a delay in chloroplast biogenesis, show decreased maximum quantum yield 
of photosystem II under high light conditions, show reduced accumulation of the 
photosystem II reaction center protein D1 and give rise to a distinct “less-variegated” 
phenotype in the im background.  The ems41 suppression phenotype can be 
phenocopied by treating im with the cytosolic translation elongation inhibitor 
cycloheximide, indicating that the suppression phenotype is associated with impaired 
cytosolic translation. Our working hypothesis is that the decrease in the level of 
accumulation of the D1 protein is caused by general slow down in the assembly of 
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thylakoid multiprotein complexes in the chloroplast (most of which are nuclear 
encoded photosynthetic proteins that get translated in the cytosol prior to import into 
the chloroplast). This causes a delay in plastid biogenesis in ef1A mutants, which 
allows for the accumulation of compensatory factors that bypass the need for PTOX 
and suppress variegation in the im background. In summary, we present a new bypass 
suppressor of im – ef1A that is localized outside of the plastid and is capable of 
modulating membrane biogenesis and electron transport within the plastid, thereby 
suppressing variegation in im.  
Introduction  
The biogenesis of the plastid entails the conversion of leaf meristematic 
proplastids or dark grown etioplasts into fully functional, mature chloroplasts. Since 
this process is vital to ensure optimal rates of photosynthesis in plants, plastid 
biogenesis is a tightly regulated event controlled by a number of factors at the level of 
transcription, translation, protein import and turnover (Pogson and Albrecht, 2011).  
Despite this tight regulation elicited at the molecular level to modulate membrane 
biogenesis, the mechanisms by which these are achieved still remain poorly 
understood. Variegation mutants are ideal tools, using which one can gain access into 
the poorly understood mechanisms controlling chloroplast biogenesis (Putarjunan et al., 
2013).  The immutans variegation mutant of Arabidopsis is one of the oldest and well-
characterized variegation mutants that display green and white sectoring due to a 
nuclear recessive gene (Rédei, 1963, 1967; Röbbelen, 1968). The green sectors have 
normal, wild-type like chloroplasts whereas the white sectors contain vacuolated 
plastids devoid of lamellar structures and accumulate the colorless C40 carotenoid 
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biosynthetic pathway intermediate, phytoene (Wetzel et al., 1994). Both the green and 
white sectors of immutans uniformly constitute the recessive im/im genotype (Rédei, 
1963, 1967; Röbbelen 1968).  
Cloning of IMMUTANS by map based and TDNA tagging approaches showed 
that the gene codes for a Plastid Terminal Oxidase (PTOX), which is distantly similar 
to the mitochondrial Alternative Oxidase (AOX) involved in the cyanide-resistant 
pathway of respiration in the inner membrane of mitochondria (Carol et al., 1999; Wu 
et al., 1999). The mitochondrial alternative oxidase is a quinol oxidase that transfers 
electrons from ubiquinol (UQH2) to O2 thereby forming ubiquinone (UQ) and H2O. 
Similar to AOX, PTOX is also known to display quinol oxidase activity in vitro and in 
vivo by transferring electrons from plastoquinol (PQH2) to O2 thereby forming 
plastoquinone (PQ) and H2O. Functionally, PTOX has been known to regulate 
thylakoid redox in the developing leaf primordium by mediating electron transfer to the 
PQ pool through processes like cyclic electron flow around Photosystem I, 
chlororespiration and the desaturation steps involved in carotenogenesis (Albrecht et 
al., 1995; Peltier and Cournac, 2002; Okegawa et al., 2010; Putarjunan et al., 2013). 
PTOX also functions as a safety valve under conditions of stress, dissipating excess 
absorbed energy thereby preventing over reduction of photosynthetic electron carriers 
and protecting the photosystems from photoinhibition (McDonald et al., 2011; Foudree 
et al., 2012; Putarjunan et al., 2013). Deficiency of PTOX in developing chloroplasts 
leads to over-reduction of thylakoid membranes and the accumulation of phytoene, 
suggesting a block in the activity of PDS (phytoene desaturase); necessary for the 
production of downstream, carotenoid intermediates essential for protection against 
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photooxidative damage. Consistent with this notion, the extent of white sector 
formation in im is promoted by high light intensities (Rédei 1963,1967; Röbbelen 1968; 
Wetzel et al., 1994; Rosso et al., 2009); the higher the intensity of light perceived by 
the developing chloroplast, the greater the amount of white sector formation and 
photooxidation (Mayfield and Taylor 1984; Oelmüller 1989). 
The mechanism of variegation in immutans can be explained by the “threshold 
hypothesis”. This hypothesis is based on two findings: first, immutans is ‘plastid 
autonomous’ with there being a certain degree of independence in the formation of the 
plastid phenotype in immutans (Wetzel et al., 1994). Second, the green sectors in 
immutans contain morphologically similar plastids, as do the white sectors with 
abnormal plastids i.e. there is no gradient in the plastid phenotype observed in 
immutans (Wetzel et al., 1994). Our current working hypothesis for the mechanism of 
im variegation is based on the observation that white sector formation in im is 
positively correlated with excitation pressures early during chloroplast biogenesis 
(Rosso et al., 2009).  Excitation pressure is a relative measure of the reduction state of 
QA, the first stable electron acceptor of PSII (Dietz et al., 1985; Hüner et al., 1998).  
According to this hypothesis, attainment of a threshold is important during chloroplast 
biogenesis in the developing leaf primordium, such that above-threshold excitation 
pressures predispose developing plastids to photooxidation, whereas below-threshold 
excitation pressures in im plastids give rise to normal chloroplasts (Wetzel et al., 1994; 
Putarjunan et al., 2013). A further assumption of this hypothesis is that excitation 
pressures vary from plastid- to-plastid due to intrinsic differences in plastid 
biochemistry in the developing leaf primordium caused, for example, by gradients in 
   
 
 
 
107 
the leaf of light and CO2, and of determinants of light capture and use (Smith et al. 
1997). In summary, our model suggests that higher than threshold excitation pressures 
arise because PTOX is required by some, but not all, developing plastids to modulate 
thylakoid redox in order to maintain normal membrane biogenesis within the plastid. 
In order to better characterize the functional roles associated with PTOX, we 
decided to focus our attention on isolating second-site suppressor of immutans to 
identify genes that can either substitute or bypass the need for PTOX in immutans 
(Putarjunan et al., 2013). This approach has proved successful with the recent 
identification an activation-tagged suppressor line of immutans that leads to 
overexpression of the mitochondrial alternative oxidase (AOX2) and substitutes for 
PTOX activity within the plastid thereby suppressing variegation in immutans (Fu et 
al., 2012).  In this paper, we report the identification of a bypass suppressor of 
immutans- ems41, isolated using EMS mutagenesis approaches. We show that mutation 
of a protein bearing homology to the GTP binding cytosolic translation elongation 
factor EF1A is responsible for the suppression phenotype in ems41. The ems41 
suppression phenotype can be phenocopied by treating im with the cytosolic translation 
elongation inhibitor cycloheximide, indicating that the suppression phenotype is 
associated with impaired cytosolic translation. Characterization of the ems41 single 
mutant (ef1A) revealed delayed greening in ef1A in comparison to wild-type plants 
indicating a delay in chloroplast biogenesis. ef1A mutants also display decreased 
maximum quantum yield of photosystem II and show reduced accumulation of the 
photosystem II reaction center protein D1. This decrease in abundance of the D1 
protein is likely a consequence of the delay in the assembly of thylakoid multi protein 
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complexes in the chloroplast (most of which are nuclear encoded photosynthetic 
proteins that get translated in the cytosol prior to import into the chloroplast). Support 
for this hypothesis is presented using a de-etiolation model wherein; ems41 mutants 
distinctly show a delay in transition from etioplasts to mature plastids on exposure to 
light. Finally, we present a model explaining the mechanism of suppression in ems41 
wherein the mutation in EF1A causes a slow down in the synthesis of essential nuclear 
encoded plastid proteins, which allows immutans to accumulate compensatory factors 
that aid in proper membrane biogenesis, thereby reducing photooxidative damage in 
ems41. 
Results 
Isolation of ems41 by EMS mutagenesis 
im seeds were mutagenized with EMS (Ethyl methanesulfonate) , and M2 
progeny were screened for plants that did not resemble im. A single suppressor was 
identified (designated ems41). ems41 mutants display a characteristic “less-variegated” 
phenotype (Fig. 1A) in comparison to im. To determine the nature of transmission of 
the suppressor locus, ems41 mutants were backcrossed with im (Fig. S1). All F1 plants 
had an “im variegation” phenotype, however, two phenotypes were observed in the F2 
progeny: “im-like” and “ems41-like” less-variegated in a 3:1 ratio (213 im-like plants 
and 74 ems41-like plants). This indicates that the suppressor gene is transmitted in a 
recessive manner (designated “e” in Fig. S1). In order to isolate the ems41-single 
mutants, a cross was made between ems41 and Col-0 wild-type plants (Fig. S2). All F1 
plants of the cross between ems41 and Col-0 wild-type were green and resembled wild 
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type plants (Fig. S2). In the F2 generation, three phenotypes were detected: all-green 
(371 plants), variegated (87 plants), and less-variegated (30 plants) indicating that the 
suppressor mutant (IMIMee) does not have an obvious phenotype (Fig. S2).  DCAPS 
Genotyping of all-green plants from the F2 generation of the cross between ems41 and 
Col-0 led to the isolation of the ems41 single mutant (ef1A) (Fig. S2 and Fig. 1A). The 
ef1A mutants have a wild-type phenotype but grew slower than Col-0 plants thus 
appearing slightly smaller in size in comparison to Col-0 plants of the same age (Fig. 
1A). This growth pattern exhibited by ef1A mutants however was ameliorated when 
they transitioned to flowering attaining normal, Col-0 like stature. Pigment analyses of 
Col-0, im, imef1A (ems41) and ef1A plants revealed a significant increase in both 
chlorophyll and carotenoid contents in imef1A mutants (ems41) in comparison to im, 
while ef1A mutants appear to have no significant changes in pigment content in 
comparison to wild-type plants (Fig. 1B, 1C). The elevated content of photoprotective 
carotenoid in imef1A (ems41) mutants in comparison to im explains the “less-
variegated” phenotype associated with these plants i.e. the higher carotenoid content 
offers better protection against photooxidative damage.  
Identification of the suppressor gene in ems41 
To identify the suppressor gene associated with ems41, a map-based cloning 
approach was used (Lukowitz et al., 2000). The suppressor gene was found to reside 
between SSLP markers nga63 and ciw12. Fine-mapping revealed that the suppressor 
gene resides within a ~130 kbp region of the upper arm of chromosome 1 between two 
DCAPS markers 475150XhoI and 474916KpnI (Fig. 1D). The 130kbp interval 
contained 36 annotated ORFs. To identify the suppressor gene among these 36 ORFs, 
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candidate genes were sequenced. Among these genes, one G to A point mutation was 
found in exon 18 of At1g18070 causing a conserved amino acid substitution from 
arginine to lysine at position 507 (R507K) (Fig. 1D). At1g18070 codes for an EF-1-
alpha like GTP-binding protein possibly involved in translation elongation. In order to 
verify that At1g18070 was indeed the suppressor locus in ems41, a cross was made 
between ef1A single mutants and im and the F2 population was screened for a less-
variegated “ems41-like” phenotype. The F2 population contained plants with three 
distinct phenotypes, all green, variegated and less variegated (Fig S3). With the ems41 
less-variegated phenotype being recapitulated in the F2 population of the cross between 
ef1A mutants and im, the mutant gene locus associated with ems41 was thus verified as 
At1g18070. 
Complementation of the suppressor in ems41 
 In order to further confirm the mutant gene locus associated with ems41, 
a shotgun complementation assay was performed using BAC clones spanning the 
~130kbp interval on the upper arm of chromosome I. BAC clones, F2H15 and T10F20 
(Fig. 2) were digested with various restriction enzymes and fragments were separated 
by gel electrophoresis following which they were cloned into binary vectors under the 
control of the cauliflower mosaic virus (CaMV) 35S promoter and integrated into the 
genome of ems41 (Supplemental Table 2). Fig. 2 shows the position of the various 
fragments with respect to the two BAC clones in the 130kbp interval. Of the seventeen 
constructs overexpressing the BAC fragments, one construct, “J”, containing half of 
At1g18040, a complete At1g18050, a complete At1g18060, and At1g18070 with part of 
its 5’UTR missing, reverted the ems41 phenotype to an im-like phenotype (Fig. 2). 
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Further, complementation using At1g18070 genomic DNA with part of its 5’ UTR 
missing (18070BAC) (Fig. 2) also restored ems41 to an im-like phenotype. These data 
support the notion that At1g18070 is the suppressor gene locus associated with the 
ems41 phenotype.  
Gene family, structure and function 
At1g18070 codes for a protein bearing homology to the Arabidopsis GTP-
binding cytosolic translation elongation factor, eEF1A, which catalyzes the binding of 
aminoacyl-tRNA to the A-site of the ribosome in protein synthesis (Noller, 1991). 
Eukaryotes contain two major elongation factors: EF1 and EF2. EF1 consists of two 
subunits: EF1A and EF1B. EF1A is a GTP binding protein that utilizes energy derived 
from the hydrolysis of GTP and aids in binding aminoacyl-tRNA to the A-site of the 
ribosome; EF1B is a guanine-nucleotide exchange protein essential to regenerate EF1A 
from its inactive form (EF1A-GDP) to its active form (EF1A-GTP). EF2 functions to 
catalyze the translocation of peptidyl-tRNA from the A- site to P-site of the ribosome 
(Ejiri, 2002; Le Sourd et al., 2006). In addition to translation elongation, EF1A is 
known to have other functional roles and interacts with over twenty proteins (Andersen 
et al., 2003). These functions and interactions include: association with the cytoskeleton 
by binding actin (Demma et al., 1990) and microtubules (Ohta et al., 1990); interaction 
with the Rho1p-Bni1p system to regulate re-organization of the actin cytoskeleton 
(Umikawa et al., 1998); association with multipotential S6 kinase (Chang and Traugh, 
1998); involvement in tRNA channeling (Negrutskii and Deutscher, 1991); interaction 
with ubiquitin and an involvement in protein degradation (Gonen et al., 1994); 
chaperon-like activity (Negrutskii and El'skaya, 1998; Rao et al., 2004); participation in 
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DNA replication and repair (Toueille et al., 2007); maintenance of normal cellular 
proliferation by interacting with the zinc finger protein ZPR1 (Gangwani et al., 1998); 
binding calmodulin (Kaur and Ruben, 1994); association with phosphatidylinositol 4-
kinase (Yang et al., 1993); and interactions with Rho associated and calcium dependent 
protein kinases (Yang and Boss, 1994; Izawa et al., 2000). 
Arabidopsis has six cytosolic EF1A genes: At1g07920, At1g07930, At1g07940, 
At1g18070, At5g10630, and At5g60390. Four of these genes -At1g07920, At1g07930, 
At1g07940 and At5g60390 encode identical proteins (Fig. 3A). The expression patterns 
of these four Arabidopsis eEF1A proteins (At1g07920, At1g07930, At1g07940, and 
At5g60390) is known to be ubiquitous with the expression levels being greatest in 
germinating seedlings (Ransom-Hodgkins 2009). This supports the notion that these 
proteins play an important role early on during development. Knocking out one of four 
identical EF1A genes, At1g07930, gave rise to a mutant (SALK_067772) without an 
obvious phenotype compared with wild-type. This is perhaps anticipated due to 
redundancy associated with these four genes. However, a closer observation of the 
mutant seedling phenotype revealed hindered root growth early in development 
(Ransom-Hodgkins, 2009). This indicates that the six members of the EF1A gene 
family likely have diverse functions, but few studies have been done to test this 
hypothesis. Similar to other EF1A genes in Arabidopsis, At1g18070 is also 
ubiquitously expressed with expression being the highest in germinating seedlings 
(Winter et al., 2007). Protein domain organization (Fig. 3B) reveals the presence of 3 
conserved domains in all six of these EF1A genes: an EF1A GTPase superfamily 
domain responsible for the GTP-dependent binding of aminoacyl-tRNAs to the 60S 
   
 
 
 
113 
ribosomal subunit, an EF1A II domain which is homologous to the eRF3 II and eRF3 II 
like domains in At1g18070 and At5g10630 respectively, involved in the recognition of 
the 3'-ends of tRNA and an EF1A III domain homologous to the eRF3c III and HBS1 C 
domain in At1g18070 and At5g10630 respectively (Fig. 3B). Domain EF1A III is 
known to play a vital role in promoting efficient growth and protein synthesis under 
conditions limiting translation initiation. At5g10630 has an additional Zn finger-binding 
domain at its N terminus likely to aid in DNA binding (Fig. 3B). Although protein 
domain organization of all six EF1A genes reveals the presence of three essential, 
conserved domains required for EF1A activity, phylogenetic analysis performed using 
amino acid sequence reveals At1g18070 to be only distantly related to the other 
cytosolic EF1A genes (Fig. 3A). This suggests that At1g18070 cannot be completely 
substituted/replaced by other EF1A genes.  
Given this vast diversity in the functional roles assumed by EF1A genes in 
Arabidopsis, we became interested in answering a few questions that would help 
explain the suppression phenotype associated with ems41: 
 1) Does the At1g18070 gene product actually localize to the cytosol, and does it 
participate in cytosolic translation?  
2) How is the defect in the At1g18070 gene product altering chloroplast 
biogenesis in ems41 and  
3) What is the mechanism by which suppression is achieved in ems41? 
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Localization of the At1g18070 gene product 
To confirm the localization of At1g18070, we transiently expressed 
P35S:At1g18070:GFP fusion construct in protoplasts isolated from wild-type Col-0 
Arabidopsis leaves and monitored fluorescence signals from the fusion protein using 
confocal microscopy. Fig. 4 shows the results from this experiment. The top panel in 
Fig. 4 represents control protoplasts that were transfected with the empty GFP construct 
(P35S:GFP). Green fluorescence signals were observed in the cytosol revealing 
successful protoplast transfection and expression of the unfused GFP protein. The 
bottom panel in Fig. 4 shows green fluorescence from the At1g18070:GFP fusion 
construct, indicating EF1A to be localized to the cytosol, as is evident from observation 
that the GFP signals from the fusion protein do not co-localize with the pattern of 
chlorophyll auto-fluorescence (representative of chloroplasts). These data confirm that 
the At1g18070 gene product is a localized to the cytosol.  
ef1A shows delayed greening indicating a delay in chloroplast biogenesis 
 To address how the defect in the At1g18070 gene product was altering 
chloroplast biogenesis in ems41, we decided to focus our attention on the greening 
system (de-etiolation model). The greening system has long served as a model system 
to understand the mechanisms that regulate chloroplast biogenesis (Chen et al., 1967; 
Forger and Bogorad, 1973; Bogorad, 1991). When dark grown seedlings are first 
exposed to light, photosynthetically incompetent etioplasts develop into 
photosynthetically competent chloroplasts. This involves the production of components 
of the photosynthetic apparatus and distinct alterations in plastid ultrastructure that 
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include the conversion of the prolamellar bodies (PLBs) into thylakoid structures 
representative of chloroplasts (Reviewed in Bogorad, 1991). To determine if the defect 
in the At1g18070 gene product was altering membrane biogenesis within the plastid, 
we decided to study the greening phenotypes associated with Col-0, im, imef1A (ems41) 
and ef1A (Fig. 5A).  Col-0, im, imef1A and ef1A were grown in the dark for 3 days 
following which they were exposed to continuous light for a period of 24 hours. Fig. 
5A shows that even after 24 hours of exposure to continuous light, most of ems41 
single mutants (ef1A) displayed a pale green/yellow phenotype, indicating a reduction 
in the amounts of pigment concentrations in these mutants, possibly due to a slow down 
in chloroplast biogenesis. im and imef1A (ems41) mutants on the other hand, display a 
yellow/etiolated or completely bleached phenotype. This supports the idea that PTOX 
is required early on during chloroplast biogenesis and that membrane biogenesis is 
disrupted due to the lack of PTOX early on during development (Rosso et al., 2009). To 
examine this effect more closely, chlorophyll pigment contents were measured in Col-
0, im, imef1A and ef1A at 0, 6 and 24 h after greening. Consistent with the findings in 
Fig. 5A, ef1A mutants exhibited delayed greening in comparison to Col-0 wild-type 
plants, at both the 6 and 24 h time points indicating a delay in plastid biogenesis (Fig. 
5B). ems41 mutants (imef1A) are greener in comparison to im, possibly due to 
accumulation of compensatory elements due to the slow down in plastid biogenesis in 
the ef1A background . Taken together, these results suggest that membrane biogenesis 
is altered in ef1A mutants thereby causing a general slow down in plastid biogenesis 
and allow for the accumulation of compensatory factors that restore normal pigment 
composition in the imef1A background.   
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  To further gain a deeper understanding of the events regulating these 
changes early on during development, we decided to look at plastid ultrastructure at the 
TEM level at 0, 6 and 24 h after exposure to light. Fig. 6 shows representative Col-0, 
im and imef1A plastid ultrastructure at these time points post illumination. Taking a 
closer look at the top panel in Fig. 8 shows wild-type plastids in their undifferentiated 
state at the 0h timepoint. The crosshatched structure at the center is the prolamellar 
body (PLB) and the membranous structures emerging from the PLBs are the 
prothylakoids (PT) that would eventually differentiate and form mature thylakoids upon 
illumination. At the 6h time point, most of the PLBs have started differentiating and the 
appearance of PTs is obvious at this time point. While most plastids are still 
differentiating into a mature chloroplast at this time point, there are some plastids that 
achieve full membrane competence at this stage, with the formation of mature 
thylakoids in these plastids (Fig. 6 –Top panel – 6h). The middle panel represents im 
plastids at 0, 6 and 24h post illumination. While at the 0h stage, im plastids do not show 
any obvious differences in comparison to Col-0 wild-type plastids at the same time 
point, at the 6h time point, im plastids show some dramatic alterations in the patterns of 
membrane differentiation (Fig. 6).  In the plastids that do undergo differentiation, there 
are fewer prothylakoids in comparison to Col-0 at the same time point. The presence of 
large plastid lipid bodies – Plastoglobules (PGs) seems to be a characteristic feature in 
im plastids. While some plastids do undergo differentiation, there are some others with 
improper membrane organization, turning into vacuolated, abnormal plastids as seen in 
the white sectors of im. At the 24h stage, there are clearly two distinct plastid 
phenotypes – one, where membrane differentiation is far less complex in comparison to 
Col-0 and the other where the plastid is vacuolated and lacks any detectable lamellar 
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organization within.  The bottom panel in Fig. 6 shows some striking results concerning 
imef1A (ems41) plastids consistent with the other observations made thus far. Although 
there is no difference in membrane ultrastructure before illumination in imef1A (ems41) 
mutants, after exposure to light, the plastids at the 6h stages stay undifferentiated for 
longer in comparison to Col-0 wild-type, with PLBs still visibly present at the 6 h 
stage. There are no abnormal plastids as seen in the case of im. This clearly indicates 
that membrane biogenesis has slowed down in imef1A (ems41), thereby differentiating 
slower in comparison to Col-0. This allows for the plastid to accumulate the necessary 
compensatory elements thereby facilitating bypass of the need for PTOX in the im 
background.   
To substantiate this notion that chloroplast biogenesis is slowed down in the 
imef1A (ems41) mutants, we looked at TEM images of mature adult plastids from 
rosette leaves of Col-0, im and imef1A (Fig. 7). While wild-type had only one plastid 
type – normal (N), and im had two – normal (N) and abnormal (A), there were some 
interesting observations made in the imef1A (ems41) plastids. The bottom panel on Fig. 
7 shows the existence of two types of normal plastids – one that resembles wild-type 
(N), and the second - the presence of a young plastid (Y) that seemed to still be 
differentiating. This striking observation prompted us to sample a few more plastids 
from imef1A (ems41) leaves, to confirm that this wasn’t an artifact and that it actually 
existed in other randomly sampled cells of imef1A (ems41). Further sampling of imef1A 
(ems41) leaves confirmed this observation of there being young (Y), differentiating 
plastids amidst fully functional, mature plastids (N). Abnormal plastids (A) were also 
present in imef1A cells but they were significantly smaller in size in comparison to the 
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ones in im (Fig.7). Taken together, these results strongly support the idea that 
chloroplast biogenesis is delayed in imef1A thereby allowing more time for the 
accumulation of compensatory elements necessary to bypass the need for PTOX in the 
im background.  
Having established that a defect in the At1g18070 gene product causes a delay 
in greening and chloroplast biogenesis in the im background, we were next interested in 
figuring out the significance behind this finding. Why is greening delayed? The answer 
to this question should provide insight into the functional roles assumed by the 
At1g18070 gene product and should illustrate how defects in the At1g18070 gene 
product can suppress variegation in immutans. To address these questions, we decided 
to test three hypotheses as elaborated below: 
Hypothesis 1: General delay in translation 
Inhibition of cytosolic translation suppresses variegation in im 
To test the specificity of the At1g18070 gene product to function as a cytosolic 
translation elongation factor, we were interested in verifying if defects in cytosolic 
translation in general could suppress im variegation. To test this hypothesis, we treated 
im with chemical inhibitors of cytosolic translation, for example - cycloheximide, 
which prevents the binding of amino acyl–tRNA to the A site on the 60S subunit of 80S 
ribosomes in the cytoplasm. When im seedlings were grown on MS plates 
supplemented with 0.35µM cycloheximide, a dramatic suppression in the variegation 
phenotype was observed (Fig. 8) with over 70% of im seedlings turning completely 
green (Fig. 8). Furthermore, 0.35µM cycloheximide was the highest concentration at 
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which im seedlings showed maximum greening (Fig. 8); concentrations above 0.35µM 
significantly reduced viability of im seedlings and concentrations below 0.35µM, i.e. 
0.25µM and 0.15µM showed reduced rates of greening in comparison (Fig. 8). These 
results indicate that cytosolic translation defects can suppress the variegation phenotype 
associated with immutans, suggesting EF1A like activity associated with the At1g18070 
gene product.  
Hypothesis 2: Specific decreases in D1 protein accumulation delay greening 
 Having established that At1g8070 is the suppressor gene locus in ems41, 
and having verified that the At1g18070 gene product is a cytosolic protein bearing 
distant homology with the other five cytosolic EF1A genes in Arabidopsis, we were 
interested in finding out whether a defect in the At1g18070 gene product could alter 
plastid protein accumulation levels.  For these experiments, we conducted western 
immunoblot analyses (Fig. 9A) using total leaf proteins from Col-0, im, imef1A (ems41) 
and ef1A with antibodies against representative photosynthetic proteins: Large subunit 
of Rubisco (LS), Light harvesting complex protein (Lhcb2) (from PSII), PsaF (from 
PSI), the Rieske Fe-S protein (from the cytochrome b6f complex); ATP α (the α-
subunit of ATP synthase), PsbO (from PSII) and D1 (reaction center protein of PSII). 
Consistent with the nearly normal pigment concentrations observed in ef1A single 
mutants (Fig. 1B, 1C), the results presented in Fig. 9A show that plastid protein levels 
are very similar in wild-type and ef1A with an exception to the D1 protein. 
Immunoblotting analysis for the D1 protein showed a drastic reduction in amount of D1 
protein accumulation in the ef1A single mutants in comparison to Col-0 wild-type 
plants (<25% of Col-0 wild-type levels). These findings suggested that the defect in the 
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At1g18070 gene product causes a specific decrease in the accumulation of D1 in ef1A 
mutants, thereby possibly making D1 a limiting factor for chloroplast biogenesis in the 
im background.   
Given that ef1A mutants display a dramatic decrease in the abundance of the D1 
protein, we sought to figure out whether degradation and turnover of D1 were also 
affected in these mutants. To best address this question, we turned our attention 
towards plastid proteases that mediate the PSII repair cycle within the chloroplast. 
VAR2, a subunit of the FtsH metalloprotease complex is known to involved in the 
degradation and turnover of photooxidatively damaged D1 proteins (Chen et al., 2000). 
The role of FtsH in the PSII reaction center protein, D1 turnover has been extensively 
studied (Adam and Clark, 2002; Bailey et al., 2002; Lindahl et al., 2000; Zaltsman et 
al., 2005; Yoshioka et al., 2006). D1 is prone to photooxidative damage by reactive 
oxygen species (ROS) generated during photosynthesis. In the PSII repair cycle, 
photodamaged D1 is turned over and replaced by a newly synthesized copy of D1 
(Nixon et al., 2005). Photodamaged D1 is first cleaved into two fragments, a 23kDa 
fragment and a 10kDa fragment, by a serine type protease (Haussuhl et al., 2001). The 
degradation of the 23kDa fragment is known to be mediated by AtFtsH1 (Lindahl et al., 
2000). VAR2 is also believed to be involved in this process since D1 degradation is 
impaired in var2 variegation mutants (Bailey et al., 2002). In addition to degrading 
unassembled proteins in the thylakoid membranes, FtsH is also known to play other 
important roles in regulating chloroplast biogenesis (Chen et al., 1999; Zaltsman et al., 
2005; Yu et al., 2007). Immunoblot analyses using antibodies against the two FtsH 
subunits in Arabidopsis involved in the degradation and turnover of photooxidatively 
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damaged D1 proteins (VAR2 and AtFtsH1), indicate no significant differences in 
protein accumulation between ef1A and Col-0 wild-type plants (Fig. 9A). Furthermore, 
no significant changes were detected between ef1A and Col-0 in the protein 
accumulation patterns of the Clp protease subunits ClpC1 and ClpC2, which have been 
implicated towards causing photoinhibition in var2 mutants (Park and Rodermel, 
2004). These results suggested that although ef1A mutants display a specific decrease in 
D1 accumulation, this D1 defect in ef1A is likely not caused by altered turnover rates 
due to defects in the PSII repair cycle. Thus, an attractive hypothesis would be to test 
how this D1 defect in ef1A mutants is able to perturb photosynthetic electron transfer in 
the im background and rescue variegation in immutans. 
In order to test whether ems41 single mutants (ef1A) were capable of 
influencing photosynthetic electron transport, chlorophyll fluorescence measurements 
were conducted on Col-0 wild-type plants as well as ef1A mutants. ef1A mutants 
showed higher excitation pressures (1- qP) and lower electron transport rates (ETR) in 
comparison to Col-0 wild-type plants under a range of light intensities (Fig. 9B). The 
most plausible explanation for these results is that decrease in the accumulation of the 
PSII reaction center protein D1 was causing impaired photosynthetic electron transport 
in ef1A mutants thereby lowering photosynthetic efficiency. Consistent with this 
interpretation, ef1A mutants exhibited photoinhibition under conditions of very high 
illumination (2000 µmol·m–2·s–1) over a range of time periods, as indicated by the 
maximum quantum efficiency values for PSII (Fv/Fm) in ef1A mutants. Taken together, 
these data indicate that while ef1A mutants possess the ability to perturb photosynthetic 
electron transport within the chloroplast, they do not alleviate the over-reduction of the 
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photosynthetic electron carriers required to restore normal membrane biogenesis in the 
im background. This suggests that the decreased D1 accumulation could possibly be 
functioning through a different mechanism that alters chloroplast biogenesis in the im 
background.  To gain further insight into this, we decided to focus our attention on 
other mutants that display specific decreases in D1 accumulation.  
Do other mutants with decreased D1 suppress im?   
If the D1 limitation hypothesis is correct, then other mutants with specific 
decreases in D1 should also be able rescue variegation in im. To test the specificity with 
which cytosolic translation defects affect D1 accumulation levels within the plastid, we 
decided to revisit var2 variegation and focus our attention on suppressors of var2. The 
majority of var2 suppressor genes that have been characterized to date code for 
components of the chloroplast translation machinery or related processes such as 
chloroplast rRNA modification and processing events (reviewed in Liu et al., 2010b). 
Single mutants of var2 suppressor genes display impaired plastid translation along with 
significant reductions in the level of accumulation of the D1 protein (Liu et al., 2010b, 
Putarjunan et al., 2013). In order to first test the specificity of translational defects in 
determining D1 abundance, an immunoblot analysis was performed to detect D1 
accumulation levels across six plastid localized var2 suppressor loci implicated in 
defective plastid translation (svr1, svr2, svr3, svr7, clpC1 and ClpC2) and our cytosolic 
translation defective im suppressor - ef1A (Fig. 10A). To test if most cytosolic 
translation defects in general led to a decrease in D1 abundance within the chloroplast, 
we decided to use as a loading control, rps21e mutants (Salk_093465) (that code for a 
subunit of the cytosolic 40S ribosome). As previously identified, var2 suppressors with 
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defects in plastid translation show dramatic reductions in the level of D1 accumulation 
(Fig. 10A). On the other hand, both the cytosolic translation defect mutants also seemed 
to have reduced levels of D1 accumulation in comparison to 1X Col-0 protein levels, as 
observed on the immunoblot presented in Fig. 10A. These results indicate that defects 
in both the plastid and cytosolic translation machinery are capable of causing 
alterations to the accumulation levels of the PSII reaction center protein, D1.  
Can var2 suppressors suppress variegation in im? 
Now that we had established that defective translation irrespective of sub-
cellular localization could lead to impaired D1 accumulation, we were interested in 
characterizing the plastid phenotype of immutans in the var2 suppressor background, to 
see if var2 suppressors could rescue variegation in immutans. In other words, can 
defects in plastid translation rescue variegation in im? We also wanted to see if the 
cytosolic rps21e (Salk_093465) mutants could rescue variegation in im since they too 
showed reduced accumulation in the levels of the D1 protein. Fig. 10B shows 
representative images of homozygous double mutants obtained from the cross between 
im and chloroplast and cytosolic translation mutants with defects in the accumulation of 
the D1 protein. While crosses were made with all var2 suppressors with D1 defects 
(svr1, svr2, svr3, svr7, clpC1, clpC2), Fig. 10B represents only those homozygous 
double mutants that show an obvious change in phenotype in comparison to im. While 
svr2 mutants that code for ClpR1, a non-proteolytic subunit of the ClpP core complex 
in the plastid (Olinares et al., 2011), seem to suppress variegation in im as indicated by 
the imclpR1-2 cross, svr3, which codes for a plastid homolog of the E. coli TypA 
translation elongation factor superfamily of GTPases (Margus et al., 2007), seemed to 
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diminish growth in im with variegation appearing to be enhanced in comparison to im. 
However, both the cytosolic translation impaired mutants – ef1A that codes for a 
protein bearing homology with GTP binding translation elongation factor EF1A, and 
rps21e (Salk_093465), that codes for the cytosolic 40S ribosomal protein S21e, showed 
distinct phenotypic changes in the im background (Fig. 10B). The imrps21e mutants 
had a distinct less variegated phenotype along with the characteristic “pointed-leaf” 
morphology in comparison to im and Col-0.  These results indicate that although 
defects in translation associated with both the plastid and the cytosol cause altered 
accumulation of the D1 protein, the pattern of complementation of the im phenotype by 
these mutants seems rather specific. Not all chloroplast translation impaired mutants 
rescue variegation in im despite the decreased D1 accumulation levels, whereas most 
cytosolic translation impaired mutants with alterations in D1 accumulation lead to a 
change in the plastid phenotype associated with im.  
Having characterized the nature of the plastid phenotype of immutans in the 
var2 suppressor background, we next became interested to see if ef1A mutants could 
rescue variegation in var2. Fig. 10C shows representative var2-4 (null allele) plants 
alongside var2-4/ef1A homozygous double mutants. As shown in the figure, ef1A 
mutants seem to partially rescue the variegation phenotype associated with the null 
allele of var2, similar to that in im, indicating that mode of action employed by ef1A to 
cause suppression of variegation is much more generalized in comparison to var2 
suppressors that seem to be quite specific in displaying suppressor activity.  
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Hypothesis 3: Post-translational and import defects cause the greening delay 
After having substantially teased apart the relation between translation defects 
and D1 protein accumulation, we then became interested to test the nature of specificity 
associated with cytosolic translation defects. To address this issue, we turned our 
attention to the pam21 mutants that code for a homolog of the yeast Mak3p protein, a 
subunit of the N-terminal Acetyltransferase complex C (NatC), that functions to 
acetylate essential nuclear encoded photosynthetic protein prior to import into the 
plastid (Pesaresi et al., 2003). AtMak3 similar to EF1A is cytosol localized, and pam21 
mutants also display a reduction in the levels of D1 protein accumulation (Pesaresi et 
al., 2003).   pam21 mutants reveal that N terminal acetylation of nuclear encoded 
plastid proteins is essential for efficient accumulation of the mature protein within the 
plastid, the lack of which causes reduced D1 accumulation due to impaired assembly of 
essential thylakoid membrane complexes (most of which are nuclear encoded 
photosynthetic proteins) (Pesaresi et al., 2003).  Hence, to determine if post-
translational modification defects in the cytosol (such as those observed in pam21 
mutants) could influence the plastid phenotype associated with im, we crossed atmak3 
(SALK_119000) with im and Fig. 11 shows representative im and im/atmak3 
homozygous double mutants. As indicated by the figure, atmak3 mutants do not rescue 
the variegation phenotype associated with im, indicating that, although cytosolic 
translation defects in general seem to suppress most variegations, their activity is quite 
specific, i.e. post-translational modifications defects in the cytosol do not rescue the 
variegation phenotype in im.  
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Can defects in plastid import machinery cure the variegation phenotype of im? 
To test if the delay in greening in ems41 mutants is actually a consequence of 
faulty plastid protein import, due to reduced efficiencies of cytosolic translation, we 
decided to use a genetic approach to address this question by crossing im with ppi1 
mutants (plastid protein import1) that code for the TOC33 protein (Translocon At The 
Outer Envelope Membrane Of Chloroplasts 33) a major isoform of the plastid import 
machinery, involved in the recognition and import of abundant precursors of the 
photosynthetic apparatus (Jarvis et al., 1998). ppi1 mutants display a pale green 
phenotype, with only moderate complexity in its the chloroplast ultrastructure in 
comparison to Col-0 plants. The cross between im and ppi1 mutants revealed that the 
ppi1 locus is epistatic to im, in that the green sectors of im emerge pale green similar to 
ppi1 single mutants (Fig. 11). This finding allowed us to rule out the possibility of 
having a reduction in the rates of plastid protein import in ems41 mutants due to 
reduced cytosolic translation efficiencies, as a contributing factor towards the 
suppression phenotype associated with ems41.   We then turned our attention to the 
suppressor of ppi1, sp1 mutants that restore normal plastid biogenesis in ppi1 mutants 
and exhibits a delay in plastid biogenesis similar to ems41. sp1 codes for a RING-type 
ubiquitin E3 ligase of the chloroplast outer membrane (Ling et al., 2012). A cross 
between im and sp1-3 (Salk_002099) revealed an im like phenotype from the 
homozygous imsp1-3 double mutants. These results indicated the delay in chloroplast 
biogenesis as seen in ems41 mutants is quite specific and cannot be recapitulated by 
altering plastid protein import rates mimicking the reduced cytosolic translation 
efficiencies that might be associated with ef1A.  
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Discussion  
 Variegation mutants are ideal tools to gain access into the various 
pathways regulating plastid biogenesis (Yu et al., 2007; Liu et al., 2010b; Foudree et 
al., 2012; Putarjunan et al., 2013). In this paper, we report the identification of a bypass 
suppressor that bypasses the need for PTOX and restores plastid biogenesis in the im 
background. A unique advantage of characterizing bypass suppressors of immutans is 
that this approach allows better access into factors that might not be easily available 
through other means for reasons including low abundance, developmental stage- 
specificity, tissue-, and/or cell- specific expression and/or functional redundancy. 
Through EMS mutagenesis approach, we have identified a bypass suppressor, ef1A that 
codes for a protein homologous to the cytosolic GTP binding Translation Elongation 
factor (EF1A). Our molecular complementation studies have confirmed the suppressor 
gene locus to be At1g18070 and chemical complementation studies using inhibitors of 
cytosolic translation; support the notion that the At1g18070 gene product could 
potentially function as an EF1A translation elongation factor in the cytosol (Fig. 2, 8). 
To gain specific insight into the functional roles assumed by the At1g18070 gene 
product, our greening model served as an excellent tool to better understand the 
molecular events regulating chloroplast biogenesis in ems41 mutants early on during 
development.  Our de-etiolation studies have shown that the ef1A mutants exhibit 
delayed greening in comparison to Col-0, indicating a delay in the biogenesis of the 
plastid. To solidify this argument, our comprehensive plastid ultrastructure studies 
presented in Fig. 6 and 7, shows a striking slow-down in membrane biogenesis in 
ems41 mutants early on during development. This, together with the appearance of 
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“young plastids” still undergoing plastid differentiation in mature ems41 leaves, 
validates the finding that plastid membrane biogenesis is delayed in ems41 mutants. To 
better understand the specific mechanisms that cause delayed membrane biogenesis in 
ems41, we carried out an extensive genetic approach (presented in Fig. 8, 9, 10, 11) and 
presented three hypotheses by which suppression could be achieved in ems41. Having 
tested all three hypotheses rigorously using genetic and biochemical approaches, we 
consider it most likely that Hypothesis 1 is correct, in that defects in cytosolic 
translation in general are responsible for slowing down membrane biogenesis in the 
ems41 mutants.  We propose that there is a fundamental interaction between cytosolic 
translation in general and im variegation. This was confirmed by treatment of im with 
the cytosolic translation inhibitor cycloheximide, that suppresses variegation in 
immutans. Suppression of variegation in ems41 can be explained with the model 
presented in Fig. 12. In wild-type plastids, where cytosolic translation is unimpaired, 
proper membrane biogenesis takes place due to normal thylakoid membrane 
multicomplex protein assembly (most of which are nuclear encoded plastid proteins.) In 
im, due to the lack of PTOX, there is a lack of normal membrane biogenesis within the 
plastid. When nuclear encoded thylakoid multicomplex proteins are integrated into 
non-functional membranes in im, it results in the photooxidative damage thus leading to 
membrane deterioration and hence white sector formation. In ems41, the impaired 
cytosolic translation due to the defect in the At1g18070 gene product, likely causes a 
slow down in the synthesis and integration of these nuclear encoded thylakoid 
multicomplex proteins into the thylakoid membranes of the ems41 plastids. This likely 
causes a delay in plastid biogenesis in ems41 by allowing for the accumulation of 
compensatory elements within the chloroplast that aid in normal membrane biogenesis, 
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thereby suppressing variegation in the im background.  
  An alternative mechanism of suppression in ems41 could be through a 
slow down in the synthesis of a nuclear encoded substrate of IMMUTANS that would 
normally function to promote chloroplast biogenesis early on during development, but 
functions to inhibit plastid biogenesis later on if not degraded.  The inhibitor would be 
present in im (causing white sector formation), but cytosolic translation defects would 
cause its synthesis to be reduced to an extent in the ems41 mutants that normal 
chloroplast biogenesis could proceed even in the presence of small amounts of the 
inhibitor. This hypothesis would be consistent with our idea of a threshold – i.e. some 
plastids would contain above threshold levels if this inhibitor, causing white sector 
formation, whereas some that have below threshold levels of this inhibitor, turn to 
normal chloroplasts.  
In summary, in this paper, we have shown 
1. how ef1A can alter the plastid phenotype and photosynthesis in im by 
modulating plastid membrane biogenesis in the im background.  
2. how factors outside of the plastid (ef1A, in this case) can directly affect 
chloroplast biogenesis. The normal biogenesis of a chloroplast largely relies on 
proper import and assembly of a number of nuclear encoded photosynthetic 
proteins and using ef1A mutants, we have shown here how factors localized 
outside of the chloroplast can contribute towards the proper assembly of 
thylakoid membrane complexes required to restore normal plastid biogenesis in 
the immutans background. 
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 Materials and Methods 
Plant Material and Growth Conditions. All plants in this study were grown on soil at 
22°C under continuous illumination (~100 µmol·m–2·s–1).  Because im is light-
sensitive, it was germinated for 10 days under low light intensities (15 µmol·m−2·s−1) 
prior to transfer to normal light conditions.  Mutant crosses in the im background were 
treated in a similar manner. The suppressor line ems41 was obtained using ethyl 
methanesulfonate mutagenesis. The svr1-1, svr1-2, clpR1-2, svr3-1, svr7-1, clpC1 and 
clpC2 mutants have all been previously described (Park and Rodermel, 2004; Sjögren 
et al., 2004, Yu et al., 2008, Liu et al., 2010a, Liu et al., 2010c). The sp1-3 mutant 
(Salk_002099) and the atmak3 mutant (SALK_119000) were obtained from the Salk T-
DNA collection (Arabidopsis Biological Resource Center, Ohio, USA).  The rps21e 
mutant identified from a Salk line (Salk_093465) and the ppi1 mutants, were a 
generous gift from Fei Yu (Northwest A&F University, Yangling, China) and Paul 
Jarvis (University of Oxford, United Kingdom) respectively. For experiments where 
Col-0 and im seeds were treated with the cytosolic translation inhibitor cycloheximide, 
seeds were grown on Murashige and Skoog plates in the absence or presence of 
cycloheximide (0.15 µM, 0.25µM and 0.35 µM) under continuous illumination (~100 
µmol·m–2·s–1) for a period of 1 week. % green im seedlings was estimated from 3 
independent experiments by counting the number of completely green im seedlings 
grown in the absence or presence of cycloheximide at the respective concentrations 
under the conditions described above.  Genotypes of double mutant progeny were 
identified by PCR using derived cleaved amplified polymorphic sequence (DCAPS) 
primers in Supplemental Table 1. 
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Map based cloning. The suppressor gene in ems41 was mapped by bulked segregation 
analysis using a pool of 100 ‘less-variegated’ F2 seedlings from a cross between ems41 
and Landsberg erecta. The gene was mapped using sets of codominant simple sequence 
length polymorphism (SSLP) markers (Bell and Ecker, 1994) and was found to reside 
between markers nga63 and ciw12. Fine-mapping using DCAPS markers revealed that 
the gene resides within a ~130 kbp region on the upper arm of chromosome 1 between 
markers 475150XhoI and 474916KpnI. This region was also spanned by two BAC 
clones F2H15 and T10F20. Candidate genes in this region were sequenced and a G to 
A point mutation was identified in exon 18 of At1g18070. 
Pigment Analyses. The two top pairs of fully expanded rosette leaves from Col-0, im, 
imef1A and ef1A were harvested and ground in liquid N2.  Pigments were extracted in 
the dark at 4°C using 95% ethanol.  Total chlorophyll and carotenoid contents were 
calculated as described in (Lichtenthaler, 1987). 
Phylogenetic analyses. Full-length amino acid sequences of six cytosolic EF1A genes 
from Arabidopsis were obtained from the National Center for Biotechnology 
Information (NCBI) GenBank. The sequences were aligned using ClustalW2 (Larkin et 
al., 2007), and a phylogenetic tree was constructed by the neighbor-joining method 
using MEGA 5 (Tamura et al., 2011). Bootstrap analysis was performed using 1000 
trials.  
Plasmid Construction and Transformation. To complement the ems41, two BAC 
clones, F2H15 and T10F20 that encompass the suppressor gene in ems41, were 
digested by different restriction enzymes to around 10kb fragments. Fragments 
   
 
 
 
132 
obtained there after were cloned into binary vectors PBI111L, PZY101.1, PCB302, and 
pPZP212 and transformed into ems41 to recapitulate the im- variegated phenotype. 
Plasmids PZY101.1 and PCB302 were generous gifts from Dr. David Oliver, and 
plasmid pPZP212 was kindly provided by Dr. Yanhai Yin. A total of seventeen 
constructs were made to insert wild type genomic DNA fragments into the ems41 
genome. Details of the plasmid name, insert size and ORFs contained in the insertion 
are mentioned in Supplemental Table 2. To generate the 18070BAC construct, wild-
type genomic DNA from At1g18070 was PCR amplified using Pfx DNA polymerase 
(Invitrogen) and the PCR product was digested using restriction enzymes SacI and 
BamH1 and cloned into pPZP212 under the control of the 35S CaMV (Cauliflower 
Mosaic Virus) promoter. All constructs were transfected into Agrobacterium using 
electroporation methods and then transformed into Arabidopsis plants using the floral-
dip method (Clough and Bent, 1998).  
Confocal microscopy. To generate a GFP-tagged At1g18070 fusion protein 
(At1g18070:GFP) for transient expression in protoplasts, At1g18070 cDNA was PCR 
amplified using primers 18070GFPF and 18070GFPR (see Supplemental Table 1) and 
Pfx DNA polymerase and then cloned into vector pTF486 at the BamHI and NcoI sites, 
thereby creating a C-terminal GFP fusion.  The resulting construct (designated 
P35S:18070:GFP) was sequenced to verify that the open reading frame of eGFP was 
correctly fused to the 3’ end of At1g18070. A control construct lacking the At1g18070 
sequence (designated P35S:GFP) was used as the experimental control. Protoplasts 
from wild-type Arabidopsis leaves were isolated and transfected with either the 
P35S:18070:GFP construct or the control GFP vector (P35S:GFP) as previously 
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described in Yoo et al. (2007). Green fluorescence from GFP and autofluorescence 
from chlorophyll were monitored using confocal microscopy techniques. 
Light and Transmission Electron Microscopy. For TEM imaging of dark grown 
seedlings: Col-0, im and imef1A seedlings were grown in the dark for 3 days and then 
exposed to continuous illumination (100 µmol·m–2·s–1) for 0, 6 and 24 hours following 
which cotyledons from the respective time points were fixed, stained, and examined as 
in Horner and Wagner (1980). TEM imaging of leaf samples were carried out similarly 
using fully expanded rosette leaves from 3-week old Col-0, im and imef1A plants. 
Protein Manipulations. Total cell proteins were isolated from Col-0, im, imef1A and 
ef1A leaves as previously described in Yu et al. (2004) using leaf samples similar to 
those described under Pigment Analyses.  In brief, leaves were weighed, frozen in 
liquid N2 and homogenized in 2X SDS sample buffer.  The homogenates were 
incubated at 65°C for two hours, then centrifuged (14,000 rpm for 10 min), and the 
supernatants were collected and electrophoresed through 12% SDS polyacrylamide gels 
on a equal fresh weight basis.  Western immunoblot analyses were carried out as 
described in Yu et al. (2008) using polyclonal antibodies to the large subunit of 
Rubisco (LS), the light harvesting complex protein (Lhcb2), Alpha subunit of ATP 
synthase (ATPα), Photosystem II subunit O (PsbO), Photosystem I subunit F (PsaF), 
PSII reaction center protein (D1) and the Reiske Fe-S center of the Cytochrome b6f 
complex (Reiske Fe-S), the FtsH metalloprotease complex subunits - VAR2 and 
AtFtsH1, the Clp protease subunits - ClpC1 and ClpC2.  All of these antibodies have 
been previously described (Park and Rodermel, 2004; Yu et al., 2004, 2008).  The 
SuperSignal West Pico chemiluminescence kit (Pierce) was used for signal detection.   
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Chlorophyll Fluorescence Measurements. Chlorophyll fluorescence measurements 
were conducted as described (Baerr et al., 2005) on the top two pairs of rosette leaves 
from Col-0 and ef1A plants using a PAM-2500 chlorophyll fluorometer (Heinz Walz 
GmbH, Effeltrich, Germany).  Following dark adaptation of plants (15 min), steady-
state light response curves for excitation pressure (1-qP) (the redox state of the first 
electron acceptor of PSII; QA) and relative linear electron transport rates (ETR) were 
measured. To measure maximum quantum efficiency values for PSII (Fv/Fm), Col-0 
and ef1A plants were first exposed to very high light intensities (2000 µmol·m–2·s–1) 
for 0 to 6 hours following which fluorescence measurements corresponding to Fv/Fm 
were recorded.  
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Figure Legends 
Fig. 1 Leaf morphologies, pigment analyses and cloning of ems41. A) Representative 
4-week-old Col-0 wild-type, im, imef1A (ems41), and ef1A plants. Plants were grown at 
22°C under conditions of continuous illumination (100 µmol.m−2.s−1). B) and C) 
Chlorophyll and carotenoid contents in Col-0, im, imef1A  and ef1A measured on a 
fresh weight basis. Fully expanded rosette leaves from individual plants were used for 
these measurements.  Error bars represent average ±SEM of 3 independent replicates, 
*** p<0.001 and * p<0.05 relative to Col-0  plants for chlorophyll/carotenoid 
measurements. D) Map based cloning of ems41. ems41 was mapped by positional 
cloning as described in “Materials and Methods.” The gene was fine-mapped between 
DCAPS markers 475150XhoI and 474916KpnI. Two BAC clones F2H15 and T10F20 
also spanned this region. Genomic sequencing of candidate genes between 475150XhoI 
and 474916KpnI led to the identification of a G to A point mutation in exon 18 of 
At1g18070 that causes a conserved Arg to Lys substitution. 
Fig. 2 Complementation of ems41. Two BAC clones spanning the ~130kbp interval on 
the upper arm of chromosome I, F2H15 and T10F20 were digested with various 
restriction enzymes and fragments were separated by gel electrophoresis following 
which they were cloned into binary vectors under the control of the cauliflower mosaic 
virus (CaMV) 35S promoter and integrated into the genome of ems41 (Supplemental 
Table 2). The position of the various fragments with respect to the two BAC clones in 
the 130kbp interval are indicated by solid black bars. Of the seventeen constructs 
overexpressing the BAC fragments, construct, “J”, containing half of At1g18040, a 
complete At1g18050, a complete At1g18060, and At1g18070 with part of its 5’UTR 
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missing reverted the ems41 phenotype to an im-like phenotype. Complementation was 
also achieved by overexpressing the At1g18070 genomic DNA with part of its 5’ UTR 
missing (P35S:18070BAC).  
Fig. 3 Protein sequence analysis of EF1A. A) Phylogenetic relatedness of Arabidopsis 
EF1A genes. Full-length protein sequences were obtained sequences were obtained 
from The Arabidopsis Information Resource (www.arabidopsis.org) and a phylogenetic 
tree was constructed using the MEGA5 software (Tamura et al., 2011). The tree was 
constructed using the Neighbor-Joining method, and evolutionary distances were 
computed using the Poisson-correction method. The scale bar corresponds to 0.1 
substitutions per site. Solid blue circles represent the four redundant EF1A genes in 
Arabidopsis whereas the solid red square and the solid green circle represent the 
distantly related EF1A genes – At1g18070 and At5g10630 respectively. B. Five 
Arabidopsis cytosolic EF1A proteins have protein domain organization similar to the 
At1g18070 gene product. Full-length protein as in A. and the NCBI Conserved Domain 
Database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi Marchler-Bauer et al., 
2011) was used to identify conserved domains in the six Arabidopsis cytosolic EF1A 
genes. 
Fig. 4 Localization of the At1g18070 gene product. Arabidopsis leaf protoplasts from 
Col-0 wild-type were transiently transformed with a control vector P35S:GFP (A-C) or 
with a P35S:18070:GFP vector (D-F). Chlorophyll autofluorescence signals (A and D) 
and Green fluorescence signals (B and E) were monitored using confocal microscopy. 
Merged images of A and B and of D and E are shown in C and F, respectively. 
Representative image of a single protoplast is shown in each panel. 
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Fig. 5 De-etiolation of ems41. A) Representative light micrograph images of Col-0, 
ef1A, imef1A and im seedlings grown in the dark for 3 days following which the 
seedlings were exposed to continuous light (100 µmol.m−2.s−1) for 24h. Bar = 2mm. B) 
Chlorophyll pigment compositions of the dark-grown seedlings exposed to continuous 
light (100 µmol.m−2.s−1) for 0, 6 and 24h measured on a fresh weight basis. Error bars 
represent average ±SEM of 3 independent replicates.  
Fig. 6 Plastid ultrastructure analysis using the greening system. Representative TEM 
images of Col-0, ef1A, imef1A and im seedlings grown in the dark for 3 days following 
which the seedlings were exposed to continuous light (100 µmol.m−2.s−1) for 0, 6 and 
24h respectively. Representative undifferentiated prolamellar bodies (PLBs), 
prothylakoids (PTs), thylakoids (T) and plastoglobules (PGs) are indicated at the 
various time point above. 
Fig. 7 Plastid ultrastructure analysis of mature ems41 leaves. A) and B) Representative 
TEM images of Col-0 and im plastids from mature 3-week old rosette leaves. 
Representative Normal (N) plastids with proper membrane organization and abnormal 
plastids (A) that are vacuolated and lack lamellae formation and are indicated above.  
C) Representative plastids from imef1A (ems41) leaves. As indicated above, the imef1A 
(ems41) mutants have three distinct plastid types- Normal (N), Abnormal (A) and 
Young differentiating plastids (Y).  
Fig. 8 Treatment with cytosolic translation inhibitors. A) Representative 1-week old 
Col-0 and im seedlings grown under continuous light (100 µmol.m−2.s−1) in the 
presence (0.35µM) or absence of Cycloheximide – a cytosolic translation inhibitor. B) 
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Percentage green im seedlings was estimated from 3 independent experiments by 
counting the number of completely green im seedlings grown in the absence or 
presence of cycloheximide at 0.35µM, 0.25µM and 0.15µM under the conditions 
described above.  
Fig. 9 Protein Accumulation and Photosynthetic Parameters. A) Total leaf proteins 
from Col-0, im, imef1A and ef1A were isolated from the top two fully-expanded rosette 
leaves at each developmental stage, and were loaded on a fresh weight basis for 
electrophoresis via 12% SDS PAGE. Immunoblots were performed using polyclonal 
antibodies to the large subunit of Rubisco (LS), the light harvesting complex protein 
(Lhcb2), Alpha subunit of ATP synthase (ATPα), Photosystem II subunit O (PsbO), 
Photosystem I subunit F (PsaF), PSII reaction center protein (D1) and the Reiske Fe-S 
center of the Cytochrome b6f complex (Rieske Fe-S), the two FtsH subunits in 
Arabidopsis involved in the degradation and turnover of photooxidatively damaged D1 
proteins (VAR2 and AtFtsH1) and the Clp protease subunits ClpC1 and ClpC2. B) 
Chlorophyll fluorescence parameter measurements - Excitation Pressure (1-qP) (redox 
state of the QA) and Relative linear electron transport rates (ETRs) were measured on 
detached leaves from Col-0 and ef1A under varying light intensities. For Maximum 
Quantum Yield (Fv/Fm) measurements, Col-0 and ef1A plants were first exposed to 
very high light intensities (2000 µmol·m–2·s–1) for 0 to 6 hours following which 
fluorescence measurements corresponding to Fv/Fm were recorded.  
Fig. 10 Plastid phenotype associated with D1 protein accumulation. A) Immunoblot 
analysis was performed to detect D1 accumulation levels across six plastid localized 
var2 suppressor loci implicated in defective plastid translation (svr1, svr2, svr3, svr7, 
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clpC1 and ClpC2) and two cytosolic translation mutants ef1A and rps21e (cytosolic 40S 
ribosomal subunit mutant). Total leaf proteins were loaded on a fresh weight basis. B) 
Genetic interactions between chloroplast and cytosolic translation defects and im.  
Representative phenotypes of homozygous double mutant crosses of im and clpR1-2, 
svr3-1, rps21e and ef1A. C) Genetic interactions between var2 and ef1A- 
Representative phenotypes of var2-4 (null allele of var2) and var2-4ef1A. 
Fig. 11 Genetic interactions between defects in post translational modifications, plastid 
protein import and im. Representative phenotypes of Col-0, im, atmak3, imatmak3, 
ppi1, imppi1 and imsp1 mutants. As indicated above, defects in both post translational 
modifications in the cytosol such as N-acetylation in atmak3 mutants and plastid 
protein import in ppi1 mutants and sp1 mutants (suppressor of ppi1) do not rescue 
variegation in immutans. 
Fig. 12 Mechanism of suppression in ems41. In wild-type plastids, where cytosolic 
translation is unimpaired, proper membrane biogenesis takes place due to normal 
thylakoid membrane multicomplex protein assembly (most of which are nuclear 
encoded plastid proteins.) In im, due to the lack of PTOX, normal membrane biogenesis 
within the plastid is disrupted. When nuclear encoded thylakoid multicomplex proteins 
are integrated into non-functional membranes in im, it results in the photooxidative 
damage thus leading to membrane deterioration and hence white sector formation. In 
ems41, the impaired cytosolic translation due to the defect in the At1g18070 gene 
product, likely causes a slow down in the synthesis and integration of these nuclear 
encoded thylakoid multicomplex proteins into the thylakoid membranes of the ems41 
plastids. This likely causes a delay in plastid biogenesis in ems41 by allowing for the 
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accumulation of compensatory elements within the chloroplast that aid in normal 
membrane biogenesis, thereby suppressing variegation in the im background.   
Fig. S1 Nature of transmission of the suppressor gene locus.  Representative ems41 
mutants were crossed with im to give rise to im-like plants in the F1 population. Upon 
selfing, the F2 population contained plants with two distinct phenotypes – im-like (213 
plants) and ems41-like (74 plants) in a ratio 3:1 as verified by the Chi-square test for 
goodness of fit presented in the table below the cross.  
Fig. S2 Isolation of the ef1A single mutant. ems41 mutants were crossed with Col-0  
wild-type plants to give rise to wild-type like plants in the F1 generation. Upon selfing, 
the F2 population gave rise to three distinct phenotypes – Wild-type like, im-like and 
ems41-like in the ratio 12:3:1 as verified by the Chi-square test for goodness of fit 
presented in the table below the cross.  DCAPS genotyping for the im and ef1A locus, 
revealed the ems41 single mutant – ef1A to have a wild-type like phenotype. 
Fig. S3 Verification of the mutant gene locus – At1g18070. ems41 single mutants 
obtained in Fig. S2 were crossed with im to verify the suppressor gene locus associated 
with ems41. The F2 population gave rise to three distinct phenotypes: wild-type like, 
im-like and ems41-like, confirming the suppressor locus as At1g18070. 
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Fig. 1 Leaf morphologies, pigment analyses and cloning of ems41 
 
 
 
 
 
 
Figure 1.  Leaf morphologies, pigment analyses and cloning of ems41. Representative 4-week-old Col-0 wild-
type, im, imef1A (ems41), and ef1A plants. Plants were grown at 22°C under conditions of continuous illumination 
(100 µmol.m−2.s−1 ). B) and C) Chlorophyll and carotenoid contents in Col-0, im, imef1A  and ef1A measured on a 
fresh weight basis. Fully expanded rosette leaves from individual plants were used for these measurements.  Error 
bars represent average ±SEM of 3 independent replicates, *** p<0.001  and * p<0.05 relative to Col-0  plants for 
chlorophyll/carotenoid measurements. D) Map based cloning of ems41. ems41 was mapped by positional cloning as 
described in “Materials and Methods.” The gene was fine-mapped between DCAPS markers 475150XhoI and 
474916KpnI. Two BAC clones F2H15 and T10F20 also spanned this region. Genomic sequencing of candidate genes 
between 475150XhoI and 474916KpnI led to the identification of a G to A point mutation in exon 18 of At1g18070, that 
causes a conserved Arg to Lys substitution. 
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Fig. 2 Complementation of ems41 
 
 
 
 
 
 
 
imef1a P35S:J 
imef1a P35S:18070BAC 
Figure 2. Complementation of ems41. Two BAC clones spanning the ~130kbp interval on the upper arm of 
chromosome I, F2H15 and T10F20 were digested with various restriction enzymes and fragments were 
separated by gel electrophoresis following which they were cloned into binary vectors under the control of the 
cauliflower mosaic virus (CaMV) 35S promoter and integrated into the genome of ems41 (Supplemental Table 
2). The position of the various fragments with respect to the two BAC clones in the 130kbp interval are 
indicated by solid black bars. Of the seventeen constructs overexpressing the BAC fragments, construct, “J”, 
containing half of At1g18040, a complete At1g18050, a complete At1g18060, and At1g18070 with part of its 
5’UTR missing reverted the ems41 phenotype to an im-like phenotype. Complementation was also achieved 
by overexpressing the At1g18070 genomic DNA with part of its 5’ UTR missing (P35S:18070BAC).  
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Fig. 3 Protein sequence analysis of EF1A 
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Figure 3. Protein sequence analysis of EF1A. A. Phylogenetic relatedness of Arabidopsis EF1A genes. Full-
length protein sequences were obtained sequences were obtained from The Arabidopsis Information Resource 
(www. arabidopsis.org) and a phylogenetic tree was constructed using the MEGA5 software (Tamura et al., 2011). 
The tree was constructed using the Neighbor-Joining method, and evolutionary distances were computed using 
the Poisson-correction method. The scale bar corresponds to 0.1 substitutions per site. Solid blue circles represent 
the four redundant EF1A genes in Arabidopsis whereas the solid red square and the solid green circle represent 
the distantly related EF1A genes – At1g18070 and At5g10630 respectively.B. Five Arabidopsis cytosolic EF1A 
proteins have protein domain organization similar to the At1g18070 gene product. Full-length protein as in A. and 
the NCBI Conserved Domain Database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi Marchler-Bauer et 
al., 2011 ) was used to identify conserved domains in the six Arabidopsis cytosolic EF1A genes. 
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Fig. 4 Localization of the At1g18070 gene product 
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Figure 4. Localization of the At1g18070 gene product. Arabidopsis leaf protoplasts from Col-0 
wild-type were transiently transformed with a control vector P35S:GFP (A-C) or with a P35S:
18070:GFP vector (D-F). Chlorophyll autofluorescence signals (A and D)  and Green fluorescence 
signals (B and E) were monitored using confocal microscopy. Merged images of A and B and of D 
and E are shown in C and F, respectively. Representative image of a single protoplast is shown in 
each panel. 
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Fig. 5 De-etiolation of ems41 
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Figure 5. De-etiolation of ems41. A. Representative light micrograph images of  Col-0, ef1A, imef1A and 
im seedlings grown in the dark for 3 days following which the seedlings were exposed to continuous light 
(100 µmol.m−2.s−1) for 24h. Bar = 2mm. B. Chlorophyll pigment compositions of the dark-grown seedlings 
exposed to continuous light (100 µmol.m−2.s−1) for 0, 6 and 24h measured on a fresh weight basis. Error bars 
represent average ±SEM of 3 independent replicates.  
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Fig. 6 Plastid ultrastructure analysis using the greening system 
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Figure 6. Plastid ultrastructure analysis using the greening system. Representative TEM images of 
Col-0, ef1A, imef1A and im seedlings grown in the dark for 3 days following which the seedlings were 
exposed to continuous light (100 µmol.m−2.s−1) for 0, 6 and 24h respectively. Representative 
undifferentiated prolamellar bodies (PLBs), prothylakoids (PTs), thylakoids (T) and plastoglobules (PGs) are 
indicated at the various time point above. 
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Fig. 7 Plastid ultrastructure analysis of mature ems41 leaves 
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Figure 7. Plastid ultrastructure analysis of mature ems41 leaves. A and B. Representative TEM images of 
Col-0 and im plastids from mature 3-week old rosette leaves. Representative Normal (N) plastids with proper 
membrane organization and abnormal plastids (A) that are vacuolated and lack lamellae formation and are 
indicated above.  C. Representative plastids from imef1A (ems41) leaves. As indicated above, the imef1A 
(ems41) mutants have three distinct plastid types- Normal (N), Abnormal (A) and Young differentiating plastids 
(Y).  
A B 
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Fig. 8 Treatment with cytosolic translation inhibitors 
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Figure 8. Treatment with cytosolic translation inhibitors. A. Representative 1 week old Col-0 and im 
seedlings grown under continuous light (100 µmol.m−2.s−1 ) in the presence (0.35µM) or absence of 
Cycloheximide – a cytosolic translation inhibitor. B. Percentage green im seedlings was estimated from 3 
independent experiments by counting the number of completely green im seedlings grown in the absence or 
presence of cycloheximide at 0.35µM, 0.25µM and 0.15µM under the conditions described above.  
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Fig. 9 Protein Accumulation and Photosynthetic Parameters 
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Figure 9. Protein Accumulation and Photosynthetic Parameters. A. Total leaf proteins from Col-0, im, 
imef1A and ef1A were isolated from the top two fully-expanded rosette leaves at each developmental stage, 
and were loaded on a fresh weight basis for electrophoresis via 12% SDS PAGE. Immunoblots were 
performed using polyclonal antibodies to the large subunit of Rubisco (LS), the light harvesting complex 
protein (Lhcb2), Alpha subunit of ATP synthase (ATPα), Photosystem II subunit O (PsbO), Photosystem I 
subunit F (PsaF), PSII reaction center protein (D1) and the Reiske Fe-S center of the Cytochrome b6f 
complex (Rieske Fe-S), the two FtsH subunits in Arabidopsis involved in the degradation and turnover of 
photooxidatively damaged D1 proteins (VAR2 and AtFtsH1) and the Clp protease subunits ClpC1 and 
ClpC2. B. Chlorophyll fluorescence parameter measurements - Excitation Pressure (1-qP) (redox state of 
the QA) and Relative linear electron transport rates (ETRs) were measured on detached leaves from Col-0 
and ef1A under varying light intensities. For Maximum Quantum Yield (Fv/Fm) measurements, Col-0 and 
ef1A plants were first exposed to very high light intensities (2000 µmol·m–2·s–1) for 0 to 6 hours following 
which fluorescence measurements corresponding to Fv/Fm were recorded.  
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Fig. 10 Plastid phenotype associated with D1 protein accumulation 
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Figure 10. Plastid phenotype associated with D1 protein accumulation. A. Immunoblot analysis was performed to 
detect D1 accumulation levels across six plastid localized var2 suppressor loci implicated in defective plastid 
translation (svr1, svr2, svr3, svr7, clpC1 and ClpC2) and two cytosolic translation mutants ef1A  and rps21e (cytosolic 
40S ribosomal subunit mutant). Total leaf proteins were loaded on a fresh weight basis. B. Genetic interactions 
between chloroplast and cytosolic translation defects and im.  Representative phenotypes of homozygous double 
mutant crosses of im and clpR1-2, svr3-1, rps21e and ef1A. C. Genetic interactions between var2 and ef1A-
Representative phenotypes of var2-4 (null allele of var2) and var2-4ef1A.  
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Fig. 11 Genetic interactions between defects in post translational modifications, plastid 
protein import and im 
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Figure 11. Genetic interactions between defects in post translational modifications, plastid 
protein import and im. Representative phenotypes of Col-0, im, atmak3, imatmak3, ppi1, imppi1 and 
imsp1 mutants. As indicated above, defects in both post translational modifications in the cytosol such 
as N-acetylation in atmak3 mutants and plastid protein import in ppi1 mutants and sp1 mutants 
(suppressor of ppi1) do not rescue variegation in immutans. 
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Fig. 12 Mechanism of suppression in ems41 
 
 
 
Figure 12. Mechanism of suppression in ems41. In wild-type plastids, where cytosolic translation is 
unimpaired, proper membrane biogenesis takes place due to normal thylakoid membrane multicomplex 
protein assembly (most of which are nuclear encoded plastid proteins.) In im, due to the lack of PTOX, 
normal membrane biogenesis within the plastid is disrupted. When nuclear encoded thylakoid 
multicomplex proteins are integrated into non-functional membranes in im, it results in the 
photooxidative damage thus leading to membrane deterioration and hence white sector formation. In 
ems41, the impaired cytosolic translation due to the defect in the At1g18070 gene product, likely 
causes a slow down in the synthesis and integration of these nuclear encoded thylakoid multicomplex 
proteins into the thylakoid membranes of the ems41 plastids. This likely causes a delay in plastid 
biogenesis in ems41 by allowing for the accumulation of compensatory elements within the chloroplast 
that aid in normal membrane biogenesis, thereby suppressing variegation in the im background.   
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Fig. S1 Nature of transmission of the suppressor locus 
 
Fig. S1 Nature of transmission of the suppressor locus 
Chi-Square test for goodness of fit 
Variegated Less-Variegated 
Observed 213 74 
Expected 215.25 71.75 
Chi-Square = 0.094076655 df =1 , Critical value =3.841 
0.094<3.841 (Accept null hypothesis)  
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Fig. S2 Isolation of the ef1A single mutant 
 
 
Fig. S2 Isolati n of f1A single mutant 
ems41 single mutant - ef1A 
371 plants 87 plants 30 plants 
Chi-Square test for goodness of fit 
0.297<5.991 (Accept null hypothesis)  
 Green Variegated Less-Variegated 
Observed 371 87 30 
Expected 366 91.5 30.5 
Chi-Square = 0.297814208 df = 2 Critical value = 5.991 
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Fig. S3 Verification of the mutant gene locus – At1g18070 
 
 
 
 
Fig. S3 Verification of mutant gene locus- At1g18070 
   
 
 
 
156 
Supplemental Table 1: List of primers used in this study 
Primer Name 
DCAPS 
restriction 
enzyme 
Sequence (5’ ! 3’) 
svr1-1F 
 
ATC GGG AAA ACC CAA CAC ACC GTC 
svr1-1R 
 
AGT TCC AAG AAA ACA AAA GAT TAG 
svr1-2LP 
 
AGT CCC CGG ATT CCT TTT ATC 
svr1-2RP 
 
TTA TCG GAT AAA CCC AAA CCC 
svr2-1F 
 
GCA GAA CTT CAA GAA CGT AC 
svr2-1R 
 
AAC AGT GAG GCG ATG AGA AT 
clpR1-2LP 
 
AAG TAG ATG GGC TTT GTT GGG 
clpR1-2RP 
 
TGG AGA CAA TCT CAA AGA CGG 
svr3-1F 
 
ATC CCA CTA GCA TAT ATC GC 
svr3-1R 
 
TCG CTT AAT GAA ATC CTC GG 
clpc2F  
MseI 
GAG CTG ATT CAG AGA AAG TTT 
clpc2R CAT CTC GAA GTC TTG GCT TCG 
rps21eLP 
 
CCT CTC TCA GAT TCT TCT TC 
rps21eTDNA 
 
ATA CGA CGG ATC GTA ATT TGT C 
rps21eRP 
 
AGA CGA GTA TTA GAC TGT AG 
MRO11F 
 
TGG GAA CAC AAC CAA ACT AG 
MRO11R 
 
CGA AAC AGT AGA AGG AGA TG 
var2-4F 
Pst I 
GGC CAG GAC GGT TTG ACC TGA A 
var2-4R TCA ACA CTT ACC TGC ACC AG 
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Supplemental Table 1 (Continued) 
 
ef1AF 
EcoR1 
AGA TTT CCC TCA ACT TGG AG 
ef1AR GCT  CGG TAA CCT TTC CAA CA 
imF 
HpaII 
TTT GAA AGT ACA CTT TGC TGA GAG CCG 
imR AGA ATT TCC ACC CAA TTC CTG TGA TTA 
atmak3LP 
 
TTG ACT GGC ATC TTT CTC TCC 
atmak3RP 
 
GCT GCC TTT AAT CAT TGC AAG 
ppi1F 
 
GCT TTT CTC TGC GGA ACA CAT CGA 
ppi1R 
 
TAT TAT GAT TGG GAA ACA TCC AT 
sp1-3LP 
 
TAT TCG CTG AAT CGA GCA AAC 
sp1-3RP 
 
GCT GCC ATG TAT AAC AGG CTG 
LBb1.3 
 
ATT TTG CCG ATT TCG GAA C 
18070GFPF BamH1 
CAT GGG ATC CAT GGA TCT TGA GGC TGA 
GAT C 
18070GFPR NcoI 
CAT GCC ATG GAA CCA CCA CCA CCA CCA 
GCC TTA AGC CTC TCT TCT TCA TT 
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Supplemental Table 2: Constructs made from two BAC clones F2H15 and T10F20 
for complementation of ems41 
F2H15 Digestion 
Name Plasmid 
Insert 
size 
ORFs contained 
C PBI111L 
18,189bp 
 
Half At1g17830, At1g17840, At1g17850, 
At1g17860, At1g17870, At1g17880, and half of 
At1g17890 
T PZY101.1 13,480bp 
Half At1g17880, At1g17890, At1g17900, 
At1g17910, At1g17930, but no complete 3’UTR 
D PBI111L 14,592bp 
Half At1g17910, At1g17920, At1g17930, 
At1g17940 
E PBI111L 9,462bp 
Half At1g17950, At1g17960, At1g17970, but no 
complete 3’ UTR 
3 PBI111L 8071bp Half At1g17960, At1g17970, and half At1g17980 
M PCB302 7,466+bp Half At1g17970, At1g17980, At1g17990 
T10F20 digestion 
Name Plasmid 
Insert 
size 
ORFs contained 
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Supplemental Table 2 (Continued) 
F pPZP212 8,533bp At1g18000, At1g18010, and half At1g18020 
H PCB302 11,931bp 
Half At1g18010, At1g18020, At1g18030, 
At1g18040, At1g18050, and half At1g18060 
J pPZP212 10,219bp 
Half At1g18040, At1g18050, At1g18060, and 
At1g18070 without part of 5’UTR 
A PBI111L 17,426bp 
Half At1g18010, At1g18020, At1g18030, 
At1g18040, At1g18050, At1g18060, and half 
At1g18070 
I PZY101.1 19,081bp 
Half At1g18040, At1g18050, At1g18060, 
At1g18070, At1g18075, At1g18080, part 
At1g18090 
K PCB302 19,081bp 
Half At1g18040, At1g18050, At1g18060, 
At1g18070, At1g18075, At1g18080, part 
At1g18090 
P pPZP212 12,151bp 
Half At1g18075, At1g18080, At1g18090, 
At1g18100, At1g18110, and half At1g18120 
Q PZY101.1 12,954bp 
Half At1g18090, At1g18100, At1g18110, 
At1g18120, At1g18130, and half At1g18140 
R pPZP212 14,453bp 
Half At1g18120, At1g18130, At1g18140, and half 
At1g18150 
II PZY101.1 10,399bp Half At1g18140, At1g18150, and half At1g18160 
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Supplemental Table 2 (Continued) 
2 PBI111L 8,208bp 
At1g18160 (no 5’UTR), At1g18170, and half 
At1g18180 
 
References 
Adam Z, Clarke AK (2002) Cutting edge of chloroplast proteolysis. Trends Plant Sci 
7: 451-456 
 
 
Albrecht M, Klein A, Hugueney P, Sandmann G, Kuntz M (1995) Molecular 
cloning and functional expression in E. coli of a novel plant enzyme mediating ζ-
carotene desaturation. FEBS Lett 372: 199–202 
 
 
Andersen GR, Nissen P, Nyborg J (2003) Elongation factors in protein biosynthesis. 
Trends Biochem Sci 28: 434-441 
 
 
Baerr JN, Thomas JD, Taylor BG, Rodermel SR, Gray GR (2005) Differential 
photosynthetic compensatory mechanisms exist in the immutans mutant of Arabidopsis 
thaliana. Physiol Plant 124: 390–402 
 
 
Bailey S, Thompson E, Nixon PJ, Horton P, Mullineaux CW, Robinson C, Mann 
NH (2002) A critical role for the Var2 FtsH homologue of Arabidopsis thaliana in the 
photosystem II repair cycle in vivo. J Biol Chem 277: 2006-2011 
 
 
Bell C and Ecker J (1994) Assignment of 30 microsatellite loci to the linkage map of 
Arabidopsis. Genomics 19: 137-144 
 
 
Bogorad L (1991) Possibilities for intergenomic integration: regulatory crosscurrents 
between the plastid and nuclear-cytoplasmic compartments. Cell Culture Somatic Cell 
Genet Plants 7: 447–466 
 
 
Carol P, Stevenson D, Bisanz C, Breitenbach J, Sandmann G, Mache R, Coupland 
G, Kuntz M (1999) Mutations in the Arabidopsis gene IMMUTANS cause a 
variegated phenotype by inactivating a chloroplast terminal oxidase associated with 
phytoene desaturation. Plant Cell 11: 57–68 
 
 
   
 
 
 
161 
Chang YW and Traugh JA (1998) Insulin stimulation of phosphorylation of 
elongation factor 1 (eEF-1) enhances elongation activity. Eur J Biochem 251: 201-207 
 
Chen M, Choi Y, Voytas DF, Rodermel S (2000) Mutations in the Arabidopsis VAR2 
locus cause leaf variegation due to the loss of a chloroplast FtsH protease. Plant J 22: 
303–313 
 
 
Chen M, Jensen M, Rodermel S (1999) The yellow variegated mutant of Arabidopsis 
is plastid autonomous and delayed in chloroplast biogenesis. J Hered 90: 207- 214 
 
 
Chen S, McMahon D, Bogorad L (1967) Early effects of illumination on the activity 
of some photosynthetic enzymes. Plant Physiol  42: 1–5 
 
 
Demma M, Warren V, Hock R, Dharmawardhane S, Condeelis J (1990) Isolation 
of an abundant 50,000-dalton actin filament bundling protein from Dictyostelium 
amoebae. J Biol Chem 265: 2286-2291 
 
 
Dietz KJ, Schreiber U, Heber U (1985)  The relationship between the redox state of 
QA and photosynthesis in leaves at various carbon-dioxide, oxygen and light regimes. 
Planta 166:  219-226 
 
 
Ejiri S (2002) Moonlighting functions of polypeptide elongation factor 1: from actin 
bundling to zinc finger protein R1-associated nuclear localization. Biosci Biotechnol 
Biochem 66: 1-21 
 
 
Foudree A, Putarjunan A, Kambakam S, Nolan T, Fussell J, Pogorelko G, 
Rodermel S (2012) The mechanism of variegation in immutans provides insight into 
chloroplast biogenesis. Front Plant Sci 3: 260 
 
 
Forger JM, Bogorad L (1973) Steps in the acquisition of photosynthetic competence 
by plastids of maize. Plant Physiol 52: 491–497 
 
 
Fu A, Liu H, Yu F, Kambakam S, Luan S, Rodermel S (2012) Alternative oxidases 
(AOX1a and AOX2) can functionally substitute for plastid terminal oxidase in 
Arabidopsis chloroplasts. Plant Cell 24:1579–1595 
 
 
   
 
 
 
162 
Gangwani L, Mikrut M, Galcheva-Gargova Z, Davis RJ (1998) Interaction of ZPR1 
with translation elongation factor-1alpha in proliferating cells. J Cell Biol 143: 1471-
1484 
 
Gonen H, Smith CE, Siegel NR, Kahana C, Merrick WC, Chakraburtty K, 
Schwartz AL, Ciechanover A (1994). Protein synthesis elongation factor EF-1 alpha 
is essential for ubiquitin-dependent degradation of certain N alpha-acetylated proteins 
and may be substituted for by the bacterial elongation factor EF-Tu. Proc Natl Acad Sci 
USA 91: 7648-7652 
 
 
Haussühl K, Andersson B, Adamska I (2001) A chloroplast DegP2 protease performs 
the primary cleavage of the photodamaged D1 protein in plant photosystem II. EMBO 
J 20: 713-722 
 
 
Horner HT, Wagner BL (1980) The association of druse crystals with the developing 
stomium of Capsicum annum (Solanaceae) anthers. Am J Bot 67: 1347–1360 
 
 
Hüner NPA, Oquist G, Sarhan F (1998) Energy balance and acclimation to light and 
cold. Trends Plant Sci 3:224–230 
 
 
Izawa T, Fukata Y, Kimura T, Iwamatsu A, Dohi K, Kaibuchi K (2000) Elongation 
factor-1 alpha is a novel substrate of rho-associated kinase. Biochem Biophys Res 
Commun 278: 72-78 
 
 
Jarvis P, Chen LJ, Li H, Peto CA, Fankhauser C, Chory J (1998) An Arabidopsis 
mutant defective in the plastid general protein import apparatus. Science 282: 100–103 
 
 
Kaur KJ, Ruben L (1994) Protein translation elongation factor-1 alpha from 
Trypanosoma brucei binds calmodulin. J Biol Chem 269: 23045-23050 
 
 
Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007) 
Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947–2948 
 
 
Le Sourd F, Boulben S, Le Bouffant R, Cormier P, Morales J, Belle R, Mulner-
Lorillon O (2006) eEF1B: At the dawn of the 21st century. Biochim Biophys Acta 
1759: 13-31 
 
 
Lichtenthaler HK (1987) Chlorophylls and carotenoids: pigments of photosynthetic 
   
 
 
 
163 
biomembranes, eds Packer L, Douce R, Methods in Enzymology, Academic Press, San 
Diego, pp 350–382 
 
 
Lindahl M, Spetea C, Hundal T, Oppenheim AB, Adam Z, Andersson B (2000) 
The thylakoid FtsH protease plays a role in the light-induced turnover of the 
photosystem II D1 protein. Plant Cell 12: 419-431 
 
Ling Q, Huang W, Baldwin A, Jarvis P (2012) Chloroplast biogenesis is regulated by 
direct action of the ubiquitin-proteasome system. Science 338: 655-659 
 
 
Liu X, Rodermel S, Yu F (2010a) A var2 leaf variegation suppressor locus, 
SUPPRESSOR OF VARIEGATION3, encodes a putative chloroplast translation 
elongation factor that is important for chloroplast development in the cold. BMC Plant 
Biol 10: 287 
 
 
Liu X, Yu F, Rodermel S (2010b) Arabidopsis chloroplast FtsH, var2 and suppressors 
of var2 leaf variegation: a review. J  Integr Plant Biol 52: 750-761 
 
 
Liu X, Yu F, Rodermel S (2010c) An Arabidopsis pentatricopeptide repeat protein, 
SVR7, is required for FtsH- mediated chloroplast biogenesis. Plant Phys 154: 1588-
1601 
 
 
Lukowitz W, Gillmor CS, Scheible WR (2000) Positional cloning in Arabidopsis. 
Why it feels good to have a genome initiative working for you. Plant Physiol 123: 795- 
805 
 
 
Marchler-Bauer A et al. (2011) CDD: a Conserved Domain Database for the 
functional annotation of proteins Nucleic Acids Res 39(D): 225-9 
 
 
Margus T, Remm M,  Tenson T (2007) Phylogenetic distribution of translational 
GTPases in bacteria. BMC Genomics 8: 15 
 
 
Mayfield SP and Taylor WC (1984) Carotenoid-deficient maize seedlings fail to 
accumulate light-harvesting chlorophyll a/b binding protein (LHCP) mRNA. Eur J 
Biochem 144: 79–84 
 
 
   
 
 
 
164 
McDonald AE, Ivanov AG, Bode R, Maxwell DP, Rodermel SR, Hüner NPA 
(2011) Flexibility in photosynthetic electron transport: the physiological role of 
plastoquinol terminal oxidase (PTOX). Biochim Biophys Acta 1807: 954–967 
 
 
Negrutskii BS, Deutscher MP (1991) Channeling of aminoacyl-tRNA for protein 
synthesis in vivo. Proc Natl Acad Sci USA 88: 4991-4995 
 
 
Negrutskii BS, El'skaya AV (1998) Eukaryotic translation elongation factor 1 alpha: 
structure, expression, functions, and possible role in aminoacyl-tRNA channeling. Prog 
Nucleic Acid Res Mol Biol 60: 47-78 
 
 
Nixon PJ, Barker M, Boehm M, de Vries R, Komenda J (2005) FtsH-mediated 
repair of the photosystem II complex in response to light stress. J Exp Bot 56: 357-363 
 
 
Noller HF (1991) Ribosomal RNA and translation. Annu Rev Biochem 60: 191-227 
 
 
Oelmüller R (1989) Photooxidative destruction of chloroplasts and its effect on 
nuclear gene expression and extraplastidic enzyme levels. Photochem Photobiol 49: 
229–239 
 
 
Ohta K, Toriyama M, Miyazaki M, Murofushi H, Hosoda S, Endo S, Sakai H 
(1990) The mitotic apparatus-associated 51-kDa protein from sea urchin eggs is a GTP-
binding protein and is immunologically related to yeast polypeptide elongation 
factor 1 alpha. J Biol Chem 265: 3240-3247 
 
 
Okegawa Y, Kobayashi Y, Shikanai T (2010) Physiological links among alternative 
electron transport pathways that reduce and oxidize plastoquinone in Arabidopsis. 
Plant J 63: 458–468 
 
 
Olinares PD, Kim J, van Wijk KJ (2011) The Clp protease system; a central 
component of the chloroplast protease network. Biochim Biophys Acta 1807: 999–1011 
 
 
Park S, Rodermel SR (2004) Mutations in ClpC2/Hsp100 suppress the requirement 
for 
FtsH in thylakoid membrane biogenesis. Proc Natl Acad Sci USA 101: 12765-12770 
 
 
Peltier G and Cournac L (2002) Chlororespiration. Annu Rev Plant Biol 53: 523-550 
   
 
 
 
165 
 
Pesaresi P, Gardner NA, Masiero S, Dietzmann A, Eichacker L, Wickner R, 
Salamini F, Leister D (2003) Cytoplasmic N-terminal protein acetylation is required 
for efficient photosynthesis in Arabidopsis. Plant Cell 15(8): 1817–1832 
 
 
Pogson BJ, Albrecht V (2011) Genetic dissection of chloroplast biogenesis and 
development: an overview. Plant Physiol 155: 1545–1551 
 
 
Putarjunan A, Liu X, Nolan T, Yu F, Rodermel S (2013) Understanding chloroplast 
biogenesis using second-site suppressors of immutans and var2. Photosynth Res 116: 
437–453 
 
 
Ransom-Hodgkins WD (2009) The application of expression analysis in elucidating 
the eukaryotic elongation factor one alpha gene family in Arabidopsis thaliana. Mol 
Genet Genomics 281: 391-405 
 
 
Rao D, Momcilovic I, Kobayashi S, Callegari E, Ristic Z (2004) Chaperone activity 
of recombinant maize chloroplast protein synthesis elongation factor, EF-Tu. Eur J 
Biochem 271 3684-3692 
 
 
Rédei GP (1963) Somatic instability caused by a cysteine-sensitive gene in 
Arabidopsis. Science 139: 767-769 
 
 
Rédei GP (1967) Biochemical aspects of a genetically determined variegation in 
Arabidopsis. Genetics 56: 431-443 
 
 
Röbbelen G (1968) Genbedingte Rotlicht-Empfindlichkeit der 
Chloroplastendifferenzierung bei Arabidopsis. Planta 80: 237–254 
 
 
Rosso D, Bode R, Li W, Krol M, Saccon D, Wang S, Schillaci LA, Rodermel SR, 
Maxwell DP, and Hüner NP (2009) Photosynthetic redox imbalance governs leaf 
sectoring in the Arabidopsis thaliana variegation mutants immutans, spotty, var1, and 
var2. Plant Cell 21: 3473–3492 
 
 
Smith WK, Vogelmann TC, DeLucia EH, Bell DT Shepherd KA (1997) Leaf form 
and photosynthesis: Do leaf structure and orientation interact to regulate internal light 
and carbon dioxide? Biosci 47: 785-793 
 
   
 
 
 
166 
 
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolutionary 
distance, and maximum parsimony methods. Mol Biol Evol 28: 2731–9 
 
 
Toueille M, Saint-Jean B, Castroviejo M, Benedetto JP (2007) The elongation factor 
1A: a novel regulator in the DNA replication/repair protein network in wheat cells? 
Plant Physiol Biochem 45: 113-118 
 
 
Umikawa M, Tanaka K, Kamei T, Shimizu K, Imamura H, Sasaki T, Takai 
Y(1998) Interaction of Rho1p target Bni1p with F-actin-binding elongation factor 
1alpha: implication in Rho1p-regulated reorganization of the actin cytoskeleton in 
Saccharomyces cerevisiae. Oncogene 16: 2011-2016 
 
 
Wetzel CM, Jiang CZ, Meehan LJ, Voytas DF, Rodermel SR (1994) Nuclear-
organelle interactions:  the immutans variegation mutant of Arabidopsis is plastid 
autonomous and impaired in carotenoid biosynthesis. Plant J 6: 161-175 
 
 
Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ (2007) An 
"electronic fluorescent pictograph" browser for exploring and analyzing large-scale 
biological data sets. PLoS One 2: e718 
 
Wu D, Wright D, Wetzel C, Voytas D, Rodermel 
S (1999) The IMMUTANS variegation locus of Arabidopsis defines a mitochondrial 
alternative oxidase homolog that functions during early chloroplast biogenesis. Plant 
Cell 11: 43–55 
 
 
Yang W, Boss WF (1994) Regulation of phosphatidylinositol 4-kinase by the protein 
activator PIK-A49. Activation requires phosphorylation of PIK-A49. J Biol Chem 269: 
3852-3857 
 
 
Yang, W., Burkhart, W., Cavallius, J., Merrick, W.C., and Boss, W.F. (1993). 
Purification and characterization of a phosphatidylinositol 4-kinase activator in carrot 
cells. J Biol Chem 268, 392-398. 
 
Yoshioka M, Uchida S, Mori H, Komayama K, Ohira S, Morita N, Nakanishi T, 
Yamamoto Y (2006) Quality control of photosystem II. Cleavage of reaction center D1 
protein in spinach thylakoids by FtsH protease under moderate heat stress. J Biol Chem 
281: 21660-21669 
 
 
   
 
 
 
167 
Yoo SD, Cho YH, Sheen J (2007) Arabidopsis mesophyll protoplasts: a versatile cell 
system for transient gene expression analysis. Nat Protoc 2: 1565 – 1572 
 
 
Yu F, Park S, Rodermel S (2004) The Arabidopsis FtsH metalloprotease gene family: 
interchangeability of subunits in chloroplast oligomeric complexes. Plant J 37: 864–
876 
 
 
Yu F, Fu A, Aluru M, Park S, Xu Y, Liu H, Liu X, Foudree A, Nambogga M, 
Rodermel S (2007) Variegation mutants and mechanisms of chloroplast biogenesis. 
Plant Cell Environ 30: 350-365 
 
 
Yu F, Liu X, Alsheikh M, Park S, Rodermel S (2008) Mutations in SUPPRESSOR 
OF VARIEGATION1, a factor required for normal chloroplast translation, suppress 
var2-mediated leaf variegation in Arabidopsis. Plant Cell 20: 1786–1804 
 
 
Zaltsman A, Ori N, Adam Z (2005) Two types of FtsH protease subunits are required 
for chloroplast biogenesis and Photosystem II repair in Arabidopsis. Plant Cell 17: 
2782-90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
168 
CHAPTER 4. FUNCTIONAL CHARACTERIZATION OF NOVEL SHORT 
ORFs WITHIN THE ARABIDOPSIS CHLOROPLAST GENOME 
A paper to be submitted to Proceedings of the National Academy of Sciences USA 
Aarthi Putarjunan, Natalie Castellana, Zhouxin Shen, Vineet Bafna, Steve Briggs and 
Steve Rodermel 
Abstract 
Short ORFs (sORFs) are short DNA sequences that encode small peptides of 
<100 amino acids. The functional relevance of these sORFs is rarely addressed due to 
the challenges associated with identifying them. Although a number of nuclear genome 
encoded sORFs have been identified with distinct functional roles, sORFs encoded by 
organellar genomes still remain poorly understood. In this report, using a 
proteogenomics approach, we present the first case of a plastome encoded novel 
antisense sORF that resides within the intron of the plastidic tRNA-Ala gene in 
Arabidopsis. Transcript profiles of the trnA intron reveal the presence of antisense 
RNAs associated with this region and the translational capacity for these antisense 
transcripts has been verified using polysome profiling approaches. This novel intron 
encoded plastome sORF is also highly conserved amongst higher plants and displays a 
high degree of coevolution with Maturase K - the only known plastome intron encoded 
protein (IEP) known to be associated with a number of “ORFless” introns within the 
chloroplast genome. Using structural modeling studies, we have been able to 
demonstrate that this plastome sORF shares structural similarity with the RT domain of 
Maturase K, that functions in RNA binding and splicing within the chloroplast; 
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suggesting a generalized maturase-like activity associated with this trnA intron encoded 
sORF. Support for this hypothesis also comes from a highly homologous (93% 
identity) mitochondrial trnA intron encoded protein – ACRS (found in citrus jambhiri 
sp.), known to be involved in RNA processing events within the mitochondrial genome. 
Using phylogenetic analyses, we have been able to show that this invasion of the trnA 
gene into the mitochondrial genome of plants is a relatively recent event thereby 
making our chloroplast homolog of the mitochondrial ACRS protein the original copy 
of the intron encoded sORF associated with RNA processing events within the 
organellar genomes. In summary, our data suggests that this novel plastome sORF 
might be part of degenerate ORFs that formed as a result of Group II intron evolution, 
and like other organellar intron encoded proteins (IEPs), may be involved in RNA 
processing events within the plastid genome. 
 
Introduction 
The history of chloroplast DNA and plastid gene discovery can be traced back 
to the early 1970s when Bedbrook and Bogorad (1976) first mapped the genes for 
chloroplast ribosomal RNAs to the two large inverted repeat regions of the maize 
chloroplast genome. Following this, the first set of chloroplast genes encoding proteins 
involved in photosynthesis were discovered. These were identified as the large subunit 
of Rubisco (rbcL) (Coen et al., 1977; Bedbrook et al., 1979; McIntosh et al., 1980) and 
the gene that codes for the PSII reaction center protein D1 - psbA (Steinback et al., 
1981). The 1980s and 1990s witnessed the identification of more plastid genes involved 
in photosynthesis in angiosperm plants like tobacco through chloroplast genome 
sequencing projects. (Shinozaki et al., 1986; Sugiura et al., 1986) This was the era 
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before the existence of sophisticated plastid gene and protein sequence databases.  
Putative amino acid sequences deduced from chloroplast DNA sequences were used as 
starting points to match proteins of the photosynthetic apparatus with unidentified open 
reading frames (Bogorad, 2003). This initially led to the identification of 82 genes in 
the tobacco chloroplast genome (Shinozaki et al., 1986) following which only 31 
additional genes (Wakasugi et al., 2001) have been identified in the tobacco plastome. 
This clearly demonstrates that identification of novel protein coding genes within the 
chloroplast genome is an extremely arduous task requiring creative experimental 
approaches.  
Comparison of plastome sizes and sequence organization amongst higher plants 
species revealed a high degree of conservation in plastome structure and organization 
(Sugiura, 1992), in that all chloroplast genomes of higher plants are composed of 4 
fundamental regions: two identical inverted repeats regions (IRs: IRA and IRB), 
separated by two single copy (SC) regions - the large single copy (LSC) and small 
single copy (SSC) region (Kolodner and Tewari, 1979; Palmer 1985). The Arabidopsis 
chloroplast genome is 154,478 bp long and encodes ~87 protein-coding genes, 4 rRNA 
genes and 37 tRNA genes (Sato et al., 1999). Protein coding genes on the plastome can 
be categorized into two types: those involved in plastid gene expression and those 
related to photosynthesis (Shimada and Sugiura, 1991). As in prokaryotes, genes in 
chloroplast DNA are organized into operons and are transcribed as polycistronic units. 
Plastome encoded genes are transcribed by two types of polymerases – PEP (Plastid 
encoded polymerase) and NEP (Nucleus encoded polymerase) (Stern et al., 2010; 
Barkan 2011). Primary transcripts made by these polymerases are typically 
polycistronic, after which they undergo rigorous post-transcriptional processing such as 
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splicing, endo- and exo- nucleolytic cleavage events and sometimes RNA editing (Stern 
et al., 2010; Barkan 2011). 
In addition to these ~87 annotated protein coding genes, the chloroplast genome 
contains a number of small open reading frames of unknown function that might be 
found in polycistronic transcription units or as parts of alternatively spliced mRNAs, or 
on opposite coding strands (small antisense genes) that might have distinct functional 
roles but remain unannotated for the lack of support of a protein product that might 
closely resemble an ancestral cyanobacterial protein of known function. Despite the 
arduous nature of identifying novel protein coding genes within the plastid genome, 
recent advances in field of proteomic and transcriptomic studies have now made it 
possible to rapidly and accurately identify novel short ORFs with distinct functional 
roles and distinguish them from the ones that do not undergo translation (Andrews and 
Rothnagel, 2014).  
short ORFs (sORFs) have been identified thus far in the Arabidopsis nuclear 
genome using two approaches: first - a transcript based approach wherein intergenic 
sORFs with high coding potential were analyzed using transcriptomic techniques to see 
if they resided on highly expressed transcripts in Arabidopsis (Hanada et al., 2007; 
2013); and the second – a proteogenomics approach wherein mass spec data was 
searched against a database that contains the six frame translation of  the raw genome 
assembly thereby unambiguously determining reading frame, translation start and stop 
sites, splice boundaries and the validity of short ORFs (Castellana et al., 2008). To 
address the functional relevance of these sORFs, a follow up study using transcriptomic 
approaches showed that out of the 2099 coding sORFs that were found on highly 
expressed transcripts in Arabidopsis, 571 of them had orthologs in other seed plants and 
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overexpressing 473 of these 571 sORFs produced visible phenotypic changes in 49 
transgenics. This indicates that peptides encoded by short ORFs in Arabidopsis have 
distinct functional regulatory roles associated with plant development (Hanada et al., 
2013). Similar to sORFs in Arabidopsis, sORFs associated with important cellular 
functions have been identified across a diverse range of species including human, 
drosophila, yeast, maize and soybean (Andrews and Rothnagel, 2014), indicating the 
importance behind the regulatory roles assumed by small coding ORFs. Although these 
transcriptomic and proteogenomic approaches have enabled rapid identification of 
sORFs in the nuclear genome, functional sORFs encoded by organellar genomes still 
remain largely unknown. Given the concise nature of the plastid genome, we decided to 
investigate the coding potential of the plastid genome using proteogenomic approaches, 
such that functionally relevant plastome sORFs could be identified that would 
significantly improve our current understanding of the translational capacity of the 
plastid genome.  
In this report, using a proteogenomics approach, we present the first case of a 
plastome encoded novel antisense sORF that resides within the intron of the plastidic 
tRNA-Ala gene. Our transcript and polysome profiling approaches validate the 
existence of this novel sORF within the Arabidopsis chloroplast genome. This novel 
plastome sORF also exhibits a high degree of sequence conservation across a wide 
variety of photosynthetic eukaryotes, and shares structurally similarity with the reverse 
transcriptase (RT) domain of Maturase K, the only known plastome intron encoded 
protein (IEP) within the chloroplast genome involved in RNA processing events within 
the plastid. Support for this hypothesis also comes from our sequence comparison 
studies that reveal the presence of a highly homologous mitochondrial trnA intron 
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encoded protein – ACRS, involved in RNA processing within the mitochondria similar 
to MatK within the plastid. In summary, our transcript, phylogenetic, structural and 
sequence analyses demonstrate that this novel plastome sORF might be part of 
degenerate ORFs that formed as a result of Group II intron evolution, and may be 
involved in RNA processing of Group-II introns within the plastid genome. 
Results 
Identification of a novel plastome-encoded peptide by proteogenomics  
An A. thaliana proteogenomic mass spectral dataset (21 million raw spectra) 
was generated by the Briggs group in 2008 using four different tissue types 
/developmental stages  - root, leaf, flower, silique and cultured cells (MM2d) 
(Castellana et al., 2008). With the development of advanced methods of data analysis of 
proteogenomic datasets (for e.g. in maize - Castellana et al., 2014), we wanted to 
employ these tools to see whether novel peptides might be found in the Arabidopsis 
dataset (Castellana et al., 2008) that are encoded by previously-unknown chloroplast 
genes.  As summarized in Fig. 1A, the first step was to cluster the raw spectral data of 
Castellana et al. (2008) using MSCluster; this algorithm shrinks multiple spectra for a 
single peptide into one spectrum, thereby increasing the signal to noise ratio.  The 
second step was to use InsPecT (Tanner et al., 2005) to search for identity between the 
spectral clusters and three databases: TAIR 7, a conceptual six-frame translation of the 
Arabidopsis genome and an exon splice graph that encodes putative splicing events.  
The third step was to re-score each cluster using MS-Generating Function (Kim et al., 
2009), in which the peptide-spectrum matches were filtered to a false discovery rate 
(FDR) of 1%.   
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These procedures led to the identification of 128,432 distinct Arabidopsis 
peptides, which could be classified as either known peptides (those that map to known, 
annotated ORFs) or as novel peptides (those that map to previously unknown ORFs).  
The novel peptides included a single chloroplast genome peptide: 
TAQPASGQLMHSTY.  This peptide mapped to two locations on the plastid genome – 
ChrC:134445-134486 on the forward strand (+3) and ChrC:104163-104204 on the 
reverse strand (-1).  These locations define identical sites within each of the two large 
inverted repeats (IRA and IRB), and are located within the Group II intron of the gene 
for tRNA-Ala (trnA) (Fig. 1B).  trnA is part of the polycistronic rrn operon, which 
contains genes for four rRNAs (23S, 16S, 5S, and 4.5S) and two tRNAs (trnA and trnI).  
Importantly, the ORF for the novel peptide maps in an antisense orientation with 
respect to the rrn operon, making it the first bone fide antisense gene described in the 
plastid genome.   
The plastid trnA intron contains two conserved sORFs 
Nucleotide sequence comparisons of chloroplast DNAs from 30 
phylogenetically diverse, photosynthetic eukaryotes provide support for the idea that 
the novel peptide is derived from a larger ORF (Fig. 2).  Whereas this ORF is likely 
terminated by a perfectly-conserved TGA codon, the start codon is less clear, since 
highly conserved sequences in the region upstream from the sequence of the mass spec-
derived novel peptide are punctuated by two in-frame ATG codons before sequence 
identity falls off (Fig. 2).   Both of these ATG codons are present in 14 species, while 9 
species have only the first and 7 have only the second.  Use of the first ATG would 
give rise to a translation product of 23 amino acids, while use of the second would yield 
a product of 28 amino acids (2.4 and 3 kDa in size, respectively).  One possibility to 
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explain this lack of uniformity is that noncanonical start codons are used, as found in 
some chloroplast genes (Raubeson et al., 2007; Yang et al., 2010).  Another possibility 
is that amino acids in the N-terminal region of the protein are not required for function.  
Regardless, the phylogenetic data provide strong support for the hypothesis that the 
novel peptide is derived from a larger short ORF (sORF). We designate this sORF as 
the Briggs gene as a way to readily distinguish it from a flanking sORF (described 
below).   
In addition to the Briggs gene, six-frame translations revealed that the trnA 
Group II intron contains another putative sORF.  The Kössel group originally identified 
this gene over 30 years ago in their pioneering sequencing studies of the maize 
chloroplast genome (Koch et al., 1981).  It resides immediately downstream from the 
Briggs gene, but in the opposite orientation, i.e., on the same coding stand as the rrn 
operon (Fig. 1B).  We have designated this as the Kössel gene.  Alignments using the 
same 30 species as in Fig. 3 revealed that nucleotide sequences in the region of the trnA 
intron bearing the Kössel gene are highly conserved, but that three different –sized 
translation products can be generated (assuming use of canonical start and stop codons) 
(Fig. 3).  Whereas the general consensus sequence, identical to the size in Arabidopsis 
is 37 amino acids, the peptide is truncated (29 amino acids) in all Solanaceae sp. and 
some monocots like Brachypodium, barley, rye and wheat except maize, where it is 
longer (45 amino acids) (Fig. 2B).  Neither the Briggs nor Kössel sORFs is found in 
prokaryotes.      
While the Kössel gene has not yet received proteogenomics support, the nucleic 
acid sequence alignment data argue strongly that these sequences are important.  
Hence, analyses in the rest of this paper will include both sORFs.   
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Transcription and translation of the novel Arabidopsis plastome sORFs 
The rrn operon in Arabidopsis is transcribed as a single polycistronic unit, and 
mature tRNAs and rRNAs are generated by the processing of a 7.4kb precursor mRNA 
(Bollenbach et al., 2005)(Fig. 4A).  RNA gel blot analyses using a double-stranded 
DNA probe (probe 1) spanning the entire trnA gene revealed the trnA to be 
complementary to several long precursors (including the 7.4 kb mRNA), to an abundant 
~800 bp RNA species, and to two smaller RNAs, one of which corresponds in size to 
the mature tRNA-Ala (~100 bp). Upon prolonged exposure, the abundant ~800 bp band 
could be resolved into two bands (800 bp and 650 bp) (Fig. 4B), suggesting that the 
larger, more abundant one (~800bp) is the tRNA precursor, while the intron and mature 
tRNA are the low abundance 650bp and 100bp species, respectively.  To specifically 
detect RNA from the Briggs gene in the antisense orientation with respect to the rrn 
operon, we performed strand specific RT-PCR experiments. As illustrated in Fig. 4C, 
both the Briggs and the Kössel peptides reveal the presence of antisense transcripts 
when amplified using strand specific cDNA templates. Although these data provide 
evidence for an antisense RNA associated with the Briggs gene, the 5’ and 3’ ends of 
this antisense transcript have not yet been mapped. In addition to the transcripts 
illustrated in Fig. 4B and 4C, the Schmitz-Linneweber group has identified an 
abundant, short (21 nt) non-coding RNA (ncRNA) species within the trnA intron by 
deep sequencing of gel-fractionated, very small Arabidopsis chloroplast RNAs (Ruwe 
and Schmitz-Linneweber, 2011).  This RNA is transcribed in the sense orientation with 
respect to the rrn operon and maps within the Kössel gene (Fig. 4A).  
Many chloroplast ORFs possess a prokaryotic-like Shine Dalgarno sequence in 
their 5’-untranslated regions (Sasaki et al., 2003; Hirose and Suguira, 2004).  In 
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bacteria these sequences (consensus GGAGG) are located -12 to -4 upstream from the 
start codon, and they are required for translation initiation by binding to the 3’-end of 
the 16S rRNA. In chloroplasts, the distance of the Shine Dalgarno sequence from the 
start codon is highly variable (Ruf and Kössel, 1988; Sugiura et al., 1998), and the 
extent to which translation initiation is dependent on it varies from gene-to-gene and by 
distance from the start codon (Hirose and Sugiura, 2004).  Fig. S1 shows that the region 
upstream from the conserved first start codon of the Briggs gene is replete with Shine 
Dalgarno-like sequences (GGAGG, GGAG or GGA), four of which are nearly 100% 
conserved in the cross-species comparisons.  The Kössel gene also has conserved Shine 
Dalgarno-like motifs upstream of its putative start codon (Fig. S2).  Although these 
motifs are very far upstream from likely -10 sites in both genes, their conservation 
suggests that they might play a role in translation of the two sORFs.   
 To examine directly the translational activity of genes in the trnA intron, we 
performed polysome profiling experiments (Barkan 1998) using total cell RNAs 
isolated from 4 week old Col-0 wild-type Arabidopsis plants. The RNAs were 
fractionated on sucrose density gradients, then identified in gradient fractions by RNA 
gel blot analysis.  Control samples were treated with puromycin to release mRNAs 
from the ribosomes.  Fig. 4D shows that a double-stranded probe (Probe 2) to the 
Briggs peptide detects RNA species that migrate further down the gradient than RNA 
species in the puromycin controls.  This indicates that abundant RNA species which are 
complementary to this region of the rrn operon (e.g., the 800bp RNA) are complexed 
with polysomes.  Similar results were obtained using a double-stranded probe to the 
Kössel gene (Probe 3).  Because the Briggs and Kössel genes are the only conserved 
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ORFs in the rrn operon, these data suggest that abundant RNAs from one or both genes 
are being translated in Arabidopsis leaves. 
Briggs and Kössel genes comprise functional domains of Group II introns 
Group II (self-splicing) introns are found in organelle (mitochondrial and 
chloroplast) genomes of plants, fungi and protists, as well as in some bacteria and 
cyanobacteria, the endosymbiotic precursors of chloroplasts (Bonen and Vogel, 2001).  
They have a conserved secondary structure of six stem-loop domains (D1 to D6) that 
radiate from a central core; this structure allows the intron to fold into a catalytically 
active form (Fig. 5).  Folding and catalysis are assisted by protein factors, most of 
which are coded for by nuclear genes, but in some cases include an IEP (intron-
encoded protein) that is the product of an ORF in the intron itself, usually by sequences 
in the D4 domain.  The IEP is variable in size and contains domains for one or more 
activities, including reverse transcriptase (RT) and mobility (Federova and Zingler, 
2007).  Chloroplast genomes in land plants have 17 Group II introns (Bonen and Vogel, 
2001), but only one - the trnK intron – has been found to contain a bone fide ORF for 
an IEP, i.e., an ORF whose protein product has been demonstrated experimentally.  The 
trnK intron codes for a maturase-like protein, MatK.  
RNA secondary structure modeling using the RNAFold webserver 
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) revealed that the Arabidopsis trnA 
intron is capable of folding into a structure with the same six domains (D1-D6) as other 
Group II introns (Fig. 5).  Also similar to Group II introns with an IEP, the Briggs gene 
(starting from the 2rd initiating codon, see Fig. 2) maps onto the D4 domain, although it 
also extends into the D3 domain.  The Kössel gene maps onto the D1 and D2 domains, 
which is an unusual location for a Group II IEF, but not unprecedented (Fontaine et al., 
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1997).  Interestingly, the 21 nt ncRNA (Ruwe and Schmitz-Linneweber, 2011) within 
the Kössel gene appears to link the D1 and D2 domains.   
Given that MatK is the only known IEP in chloroplast Group II introns, we 
asked whether there is any similarity between it and the Briggs and/or Kössel peptides.  
MatK  is derived from an ancestral IEP that was thought to mediate splicing and 
mobility of the Group II intron.  These activities were mediated by the concerted action 
of three domains: RT (reverse transcriptase), En (endonuclease) and X (Hausner et al., 
2006).  During the course of endosymbiosis and eukaryotic cell evolution, the Group II 
intron bearing MatK invaded the chloroplast genome; MatK then underwent a process 
of mutational decay such that the present-day protein contains degenerate RT (amino 
acids 1-330) and X (amino acids 360-500) domains (Fig. 6).  Although its activity has 
not been defined biochemically, current-day MatK is considered to be a generalized 
maturase that promotes the splicing of chloroplast Group II introns (Zoschke et al., 
2010). 
Homology searches revealed that the amino acid sequences of the Briggs and 
Kössel peptides bear little resemblance to MatK.  However, conserved functional 
elements might be obscured by gross comparisons of this sort, yet revealed by analyses 
of structure.  To test this hypothesis, we modeled the structures of the three proteins 
using I-TASSER, an iterative fragment-assembly approach (Roy et al., 2010) 
(described in Materials and Methods).  As illustrated in Fig. 6C, 6D and 6E, the 
structures of the Briggs and Kössel peptides are predicted to be simple, consisting only 
a few turns, while MatK is complex, made up of helices, sheets and turns. The accuracy 
of the predicted protein structure models for the Briggs and Kössel peptides as well as 
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MatK is indicated by a confidence score (C-Score) (Fig. 6C, 6D, 6E). It is calculated 
based on the significance of threading template alignments and the convergence 
parameters of the structure assembly simulations. C-scores typically range from -5 to 2, 
where a C-score closer to 2 signifies a model with high confidence. The structures of 
the two peptides were then aligned with MatK using the combinatorial extension (CE) 
method (Shindyalov and Bourne, 1998) and the alignments show structural similarity of 
the Briggs peptide to amino acids 108 -140 of MatK and of the Kössel peptide to amino 
acids 128 -162 of MatK. As illustrated schematically, these regions of similarity 
overlap (amino acid positions 128-140) within the RT domain, which is thought to 
function together with the X domain in binding the intron RNA, both as a substrate for 
RNA splicing and as a template for reverse transcription (Cui et al., 2004; Kennell et 
al., 1993; Matsuura et al., 1997; Wank et al., 1999).  Considered together, these data are 
consistent with the hypothesis that the Briggs and Kössel peptides are structurally, and 
perhaps functionally, similar to a small region of the RT domain of MatK.  
In the absence of biochemical assays, one approach to determine whether the 
structural alignments are functionally meaningful is via co-evolution analysis, in which 
interspecies phylogenetic data are compared to determine the extent to which two 
proteins exhibit similar selective constraints. The rate of co-evolution between the 
Briggs (or Kössel) peptide versus MatK was determined by the Mirror tree algorithm 
(Ochoa and Pazos, 2010) using 20 species. As shown in Fig. 6A, the interspecies 
distances for the Briggs peptide display a strong correlation with those for MatK, as 
indicated by the correlation coefficient (R) value of 0.859.  The Kössel peptide on the 
other hand, displays a slightly lower rate of co-evolution with MatK, having a 
correlation coefficient value of 0.645.  The reason for the difference between the two 
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peptides is that there is greater cross-species sequence identity for the Briggs peptide 
(71%) than for the Kössel peptide (51%) (Fig. 2, 3).  Despite these differences, the co-
evolution data support the idea that evolution of the Briggs and Kössel peptides is 
functionally constrained, either in a manner strikingly similar to that of MatK (Briggs) 
or somewhat less so (Kössel). 
The Briggs peptide is homologous to the mitochondrial ACRS protein 
Since Group II introns are characteristic of organellar genomes (chloroplasts 
and mitochondria), we explored the possibility that mitochondrial genomes harbor 
homologs of the Briggs and Kössel peptides.  Surprisingly, BLAST searches revealed 
that the Briggs peptide is 93% identical to a protein in the mitochondrial genome of C. 
jambhiri (Fig. 7A).  In the C. jambhiri (citrus sp.) mitochondrial genome, the presence 
of the Briggs homolog particularly makes this citrus species sensitive to the  ACR toxin 
produced by the fungal pathogen Alternaria alternata.  Hence, this mitochondrial gene 
product was been designated ACRS (ACR-toxin sensitivity gene) (Ohtani et al., 2002). 
ACRS has been identified as an oligomeric protein in C. jambhiri mitochondria and 
surprisingly, does not appear to be translated in the toxin-insensitive mitochondria of 
other citrus species (Ohtani et al., 2002). Although the ACRS transcript is present in the 
mitochondrial genome of both toxin-sensitive and insensitive citrus species, in the 
toxin-insensitive plants, RNA processing defects cause shorter transcript accumulation 
of ACRS thereby suggesting that ACRS plays an important role in RNA processing 
events within the mitochondrial genome (Ohtani et al., 2002). These results strongly 
indicate the possibility of the Briggs peptide in being associated with RNA processing 
events within the plastid genome, thus functioning as a potential maturase within the 
chloroplast. 
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Since the trnA gene is a distinctive feature of cpDNA, we decided to investigate 
the mitochondrial invasion of the trnA gene to better understand the origin of these 
novel plastome encoded sORFs.  In other words, we were interested in knowing 
whether the original copy of the Briggs homolog came from the chloroplast genome. A 
closer look at the non-redundant GENBANK database revealed the presence of only 4 
angiosperm species - citrus, helianthus, phaseolus and maize possessing a copy of the 
mitochondrial trnA gene, while the plastome copy of the trnA gene is known to be 
widely prevalent in over 40 angiosperm, gymnosperm, fern and bryophyte species 
(Goremykin et al., 2003). This suggests a recent horizontal transfer event(s) from 
chloroplast to mitochondrial genomes.  To test this hypothesis, we carried out a 
phylogenetic comparison of trnA genes present in chloroplasts and mitochondria of 
angiosperm species (Fig. 7B). The mitochondrial trnA genes have been highlighted in 
violet, whereas the rest represent plastome copies of trnA genes across a variety of 
angiosperm species. The tree revealed two distinct clades – monocots and dicots, with 
an exception to the phaseolus mitochondrial trnA gene. The phaseolus mitochondrial 
trnA gene appears to be very divergent in comparison to the rest of the dicot trnA gene 
copies. This indicates that the phaseolus mitochondria obtained its copy of the trnA 
gene from a non-eudicot species, thereby being highly divergent from the rest of the 
class.  These results strongly suggest the Briggs peptide to be the original copy of its 
mitochondrial homolog ACRS, and that through a recent series of horizontal transfer 
events, the trnA gene invaded the mitochondrial genome of select photosynthetic 
eukaryotes while retaining a copy of the Briggs peptide in these species, thereby 
functioning in RNA processing events within the mitochondrial genome.  
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Discussion 
With the advancement in bioinformatics, proteomics and transcriptomic 
approaches, identification of several hundred putative coding sORFs has become 
relatively easy. Despite these advances, there still remain several questions that need to 
be addressed. For example – Are these peptides stably translated? Are these peptides 
secondary by-products of random translation initiation events that merely contribute to 
cellular noise or do they have distinct functional roles associated with them? If they do 
have functional roles, do they remain biologically active? To address these questions, 
proteogenomics has emerged as an unbiased approach that helps resolve these 
ambiguities by distinctly identifying reading frame, translation start and stop sites, 
splice boundaries and validity of short ORFs.  
 Using a proteogenomics approach, we present in this paper, the first bona fide 
plastome encoded antisense sORF located within the intron of tRNA-Ala (trnA) gene. 
Although natural antisense transcripts  (NATs) in Arabidopsis have been associated 
with distinct regulatory functions like the biogenesis of natural antisense small RNAs 
(nat-siRNAs) to help guide transcript cleavage (Borsani et al., 2005; Katiyar-Agarwal 
et al., 2006; Ron et al., 2010) and in antisense transcript-mediated RNA splicing 
processes (Jen et al., 2005); the functional roles associated with organellar NATs 
remain largely obscure. Our experimental validation of the presence of a novel 
antisense plastome sORF encoded by the trnA intron, has led us to the following 
conclusions:  
First, the robust cross-species sequence conservation of both the Briggs and 
Kössel peptides, suggests evolutionary conserved functions associated with these 
peptides rather than being random ncRNAs that fail to undergo translation. Second, 
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since the Briggs and Kössel genes are the only conserved ORFs in the rrn operon, our 
transcript and polysome studies for these peptides suggests that abundant RNAs from 
one or both genes are being translated in Arabidopsis chloroplasts. Third, our structural 
modeling studies have revealed a wealth of information regarding potential functional 
roles assumed by these novel plastome encoded sORFs. With the Briggs peptide 
mapping back accurately to domain D4 of the RNA secondary structure of the trnA 
intron, protein structure modeling studies as well as coevolution studies confirm this 
association by showing structural similarity to the RT domain of MatK. If this model of 
mutational decay leading to a generalized maturase activity as presented for MatK 
(Hausner et al., 2006) is true, we then hypothesize that the novel plastome sORFs 
identified in this paper might be part of the degenerate ORFs that have formed as a 
result of Group II intron evolution being involved in RNA processing events within the 
plastid genome. Fourth, the presence of a mitochondrial homolog that is 93% identical 
in sequence to the Briggs peptide involved in RNA processing events within the 
mitochondria, strongly suggests the possibility of the Briggs peptide being encoded as a 
maturase within the chloroplast and being involved in RNA processing events such as 
splicing. Fifth, given that the trnA gene is a distinctive feature of cpDNA, our 
phylogenetic analyses strongly indicate the one or more horizontal transfer events from 
chloroplast to mitochondria, thereby making our novel plastome sORF identified using 
proteogenomics, the original copy of this trnA intron encoded protein. In conclusion, 
our proteogenomic identification and experimental validation of novel Arabidopsis 
plastome sORFs provides a renewed scope for the identification of functionally 
relevant yet unannotated open reading frames within the chloroplast genome.   
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Materials and Methods 
Proteogenomics data analysis. Mass spec data from Castellana et al. (2008) was first 
clustered using MSCluster. InsPecT (Tanner et al., 2005) was then used to search for 
identity between the spectral clusters and three databases: TAIR 7, a conceptual six-
frame translation of the Arabidopsis genome and an exon splice graph that encodes 
putative splicing events.  The clusters were then re-scored using an MS-Generating 
Function (Kim et al., 2009), in which the peptide-spectrum matches were filtered to a 
false discovery rate (FDR) of 1%.  128,432 distinct Arabidopsis peptides were thus 
identified of which one novel chloroplast genome encoded peptide was identified as 
illustrated in Fig. 1A. 
Nucleotide Sequence Comparisons. Full-length nucleotide sequences for 30 diverse 
photosynthetic eukaryotes were obtained from the National Center for Biotechnology 
Information (Gen-Bank) and were aligned using ClustalW2 (Larkin et al., 2007). The 
aligned sequences were then color-coded using JalView.  
RNA gel-blot analyses. Total cell RNA isolation from Arabidopsis leaf tissues were 
isolated using the Trizol RNA reagent (Invitrogen) and RNA gel blot analyses were 
also performed as described by Wetzel et al. (1994). Primers used to synthesize probes 
used in this work are listed in Supplemental Table 1. The probe for the entire trnA gene 
(Probe 1) was labeled by random priming, whereas the Briggs and Kössel peptide 
probes (Probes 2 and 3) used in the polysome profiling experiments were end-labeled 
(Sambrook et al., 1989). Strand specific RT-PCR was performed as described (Ho et 
al., 2010) using the primers listed in Supplemental Table 1.  
 
 
   
 
 
 
186 
Polysome Profiling. Polysome profiling was carried out as in Barkan (1998) with 
minor modifications. 200 mg of leaf tissue was extracted and fractionated on a sucrose 
density step gradient (15-55%) and RNA from 12 gradient fractions was extracted and 
analyzed as described above. Control puromycin treated gradients were also analyzed 
to distinguish fractions that contained polysomes from those that had mostly free 
mRNA and ribosomes.  
Coevolution Analyses. Coevolution analyses were conducted using the Mirrortree 
online server (http://csbg.cnb.csic.es/mtserver/) using amino acid sequences of Briggs 
and Kössel peptides in FASTA format as input. Interspecies plots were then generated, 
which represented the correlation between the inter-protein distances in phylogenetic 
trees for each protein being compared (Pazos and Valencia, 2001). 
Structural Modeling. The structures of the Briggs peptide, Kössel peptide and MatK 
were modeled using the I-TASSER webserver.  I-TASSER utilizes a threading 
template-based, iterative fragment assembly approach and identifies structural 
templates from the PDB (Wu and Zhang, 2007), following which continuous fragments 
from these structural templates are excised from threading aligned region. These 
fragments are then reassembled using Monte Carlo simulations and the structure 
trajectories are then clustered to achieve low free-energy models using SPICKER 
(Zhang and Skolnick, 2004). This clustered model then undergoes several iterations of 
fragment reassembly ultimately giving rise to the final structural model refined using 
atomic-level simulations (Li and Zhang, 2009; Zhang et al., 2011). The accuracy of the 
predicted protein structure is indicated by a confidence score (C-Score), which is 
calculated based on the significance of threading template alignments and the 
convergence parameters of the structure assembly simulations. C-scores typically range 
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from -5 to 2, where a C-score of higher value signifies a model with a high confidence 
and vice-versa. 
Phylogenetic Analyses. Full-length nucleic acid sequences of chloroplast and 
mitochondrial trnA genes from a diverse variety of photosynthetic eukaryotes were 
obtained from the National Center for Biotechnology Information (NCBI) Gen-Bank. 
The sequences were aligned using ClustalW2 (Larkin et al., 2007), and a phylogenetic 
tree was constructed by the neighbor-joining method using MEGA 5 (Tamura et al., 
2011). Bootstrap analysis was performed using 1000 trials. The tree was then visualized 
using FigTree v1.4.1.  
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Figure legends  
Fig. 1 A) Identification of novel plastome sORFs using proteogenomics. Mass 
spec data from Castellana et al. (2008) first clustered using MSCluster. InsPecT 
(Tanner et al., 2005) was then used to search for identity between the spectral clusters 
and three databases: TAIR 7, a conceptual six-frame translation of the Arabidopsis 
genome and an exon splice graph that encodes putative splicing events.  The clusters 
were then re-scored using an MS-Generating Function (Kim et al., 2009), in which the 
peptide-spectrum matches were filtered to a false discovery rate (FDR) of 1%.  128,432 
distinct Arabidopsis peptides were thus identified of which one novel chloroplast 
genome encoded peptide was identified as indicated above.  B) Schematic of the 
chloroplast rrn operon. The polycistronic chloroplast rrn operon contains four rRNA 
genes  (23S, 16S, 5S, and 4.5S) and two tRNA genes (trnA and trnI).  The Briggs 
peptide mapped onto the intron region of the trnA gene in the antisense orientation (+3 
and -1 reading frames). Six frame translation of the trnA intron led to the identification 
of another sORF, designated the Kössel gene, that resides immediately downstream 
from the Briggs gene, but in the opposite orientation, i.e., on the same coding stand as 
the rrn operon (-2 and +1 reading frames).  
Fig. 2 Nucleic acid sequence alignment of the Briggs peptide. Antisense trnA intron 
sequences from 30 phylogenetically diverse photosynthetic eukaryotes were obtained 
from National Center for Biotechnology Information (NCBI) Gen-Bank and aligned 
using ClustalW2 (Larkin et al., 2007). The aligned sequences were then color-coded 
using JalView. Sequences have been shaded based on percentage identity. The start 
codons are shaded red, the Briggs peptide obtained using proteogenomics is shaded in 
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light purple and the stop codon is shaded in green. Nucleotides with above 90% 
occurrence are colored dark purple.  
Fig. 3 Nucleic acid sequence alignment of the Kössel peptide. Sense trnA intron 
sequences from same 30 phylogenetically diverse photosynthetic eukaryotes as in Fig. 
2 were aligned using ClustalW2 (Larkin et al., 2007). The aligned sequences were then 
color-coded using JalView. Sequences have been shaded based on percentage identity. 
Nucleotides with above 90% occurrence are colored dark purple. The start codons are 
shaded red and the stop codon is shaded in green.  
Fig. 4 Transcript and polysome profiles of Briggs and Kössel peptides. A) Schematic 
representing transcript profiles associated with the plastid rrn operon. The rrn operon 
in Arabidopsis is transcribed as a single polycistronic unit, and mature tRNAs and 
rRNAs are generated by the processing of a 7.4kb precursor mRNA. A short (21 nt) 
non-coding RNA (ncRNA) isolated by the Schmitz-Linneweber group localizes within 
the Kössel peptide as indicated above. B) Equal amounts of total leaf RNA (3 µg) were 
electrophoresed through formaldehyde gels and transferred to nylon filters; the filters 
were probed with 32P-labeled trnA double stranded DNA probe (Probe 1). Arrows show 
the transcript sizes associated with the trnA gene (800bp intron precursor and 650bp 
released intron). Ethidium bromide staining of rRNAs is shown as a loading control. C) 
Strand specific RT-PCR was carried out by first synthesizing cDNA using strand 
specific primers instead of Oligo dT. The strand specific cDNA template was then 
amplified using primers specific to the Briggs and Kössel peptide regions to detect the 
presence of antisense transcripts associated with these peptides. D) Polysome profiling 
of the Briggs and Kössel peptides using double stranded probes (Probes 2 and 3 
respectively) was performed as described in Materials and Methods. 32P end-labeled 
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probes were used to detect transcripts associated with polysome fractions isolated from 
4 week old wild-type Arabidopsis plants. Control puromycin treated gradients were 
analyzed similarly to distinguish fractions that contained polysomes from those that had 
mostly free mRNA and ribosomes.  
Fig. 5 RNA secondary structure of the Arabidopsis chloroplast tRNA-Ala gene. RNA 
secondary structure of the trnA intron was modeled using the RNAFold webserver 
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). The Arabidopsis trnA sequence was 
obtained from the National Center for Biotechnology Information (NCBI) Gen-Bank 
and then transcribed to obtained the corresponding RNA sequence. The trnA RNA 
sequence was then used a model the RNA secondary structure using the minimum free 
energy (MFE) and partition function algorithm (Zuker and Stiegler, 1981). The Briggs, 
Kössel and the 21nt ncRNA are shaded in red, blue and cyan respectively. The 5’ and 
3’ processes ends of the trnA gene are represented in green. The Start codons are 
shaded in yellow. 
Fig. 6 Coevolution analyses and Structural modeling of Briggs and Kössel peptides. A) 
and B) Interspecies distance plots for the Briggs and Kössel peptides with respect to 
MatK are shown for each comparison. The plots are a simplified depiction of the 
correlation between the interspecies distances between two phylogenetic trees (i.e. 
Briggs and MatK, Kössel and MatK). N represents the number of species used for the 
test. The number of dots on the plots is represented by ‘n’ where, n=(N
2
-N)/2. C), D) 
and E) Structural models of The Briggs and Kössel peptides and MatK was obtained 
using the I-TASSER webserver. The N terminus of the peptide/protein is marked in 
blue and the C terminus is marked in red. The accuracy of the predicted protein 
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structure models for the Briggs and Kössel peptides as well as MatK is indicated by a 
confidence score (C-Score) (ranging from -5 to 2) as indicated below the structures. F) 
Structural Alignments of Briggs and Kössel peptides with MatK. Structural alignments 
were performed using the RCSB PDB Protein Comparison Tool 
(http://www.rcsb.org/pdb/workbench/workbench.do?action=menu).  
Fig. 7 Horizontal gene transfer events associated with the trnA gene. A) Sequence 
comparison between the Arabidopsis chloroplast and the citrus jambhiri sp. 
mitochondrial homolog of the Briggs peptide. Sequence conservation is indicated by a 
graph generated using Weblogo3 (Crooks et al., 2004). B) Phylogenetic analyses of the 
chloroplast and mitochondrial trnA gene from diverse variety of photosynthetic 
eukaryotes. The tree shows two distinct clades – monocots (yellow) and dicots (green), 
with an exception to the phaseolus mitochondrial trnA gene. The tree was constructed 
by the Neighbor-Joining method using MEGA 5, and evolutionary distances were 
computed using the Poisson-correction method. The scale bar corresponds to 0.06 
substitutions per site.  
Fig. S1 Shine Dalgarno (SD) sequences upstream of Briggs peptide. Antisense trnA 
intron sequences from 30 phylogenetically diverse photosynthetic eukaryotes were 
obtained from National Center for Biotechnology Information (NCBI) Gen-Bank and 
aligned using ClustalW2 (Larkin et al., 2007). The aligned sequences were then color-
coded using JalView. Sequences have been shaded based on percentage identity. The 
start codon is shaded red, the Shine Dalgarno sequences – GGAGG/GGAG/GGA 
(ribosome binding sites) are shaded black and the regions upstream of the 1st Start 
Codon are represented in the figures. Four of the SD like sequences upstream of the 1st 
ATG show nearly 100% sequence conservation across all 30 species.  
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Fig. S2 Shine Dalgarno (SD) sequences upstream of Kössel peptide. Sense trnA intron 
sequences from same 30 phylogenetically diverse photosynthetic eukaryotes as in Fig. 
S1 were aligned using ClustalW2 (Larkin et al., 2007). The aligned sequences were 
then color-coded using JalView. Sequences have been shaded based on percentage 
identity. Nucleotides with above 90% occurrence are colored dark purple. The start 
codons are shaded red and the Shine Dalgarno sequences – GGAGG/GGAG/GGA 
(ribosome binding sites) are shaded black. The regions upstream of the 1st ATG for the 
Kössel peptide are represented in the figure.  
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Fig. 1 Identification of novel plastome sORFs using proteogenomics
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Fig. 2 Nucleic acid sequence alignment of the Briggs peptide 
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Fig. 4 Transcript and polysome profiles of Briggs and Kössel peptides 
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Fig. 5 RNA secondary structure of the Arabidopsis chloroplast tRNA-Ala intron
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Fig. 6 Coevolution analyses and Structural modeling of Briggs and Kössel peptides
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Fig. 7 Horizontal gene transfer events associated with the trnA gene
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Fig. S2 Shine Dalgarno (SD) sequences upstream of Kössel peptide 
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Table. S1. List of primers used in this study 
 
 
trnA probe F GGG GAT ATA GCT CAG TTG GTA GAG 
trnA probe R TGG AGA TAA GCG GAC TCG AAC CGC 
Briggs probe 
F CAT AAG CTT CTC TTT CGA ATG CTG GTT TTA AGA A 
Briggs probe 
R CAT AAG GTT TCA ATA AGT GGA ATG CAT CAT TAG CTG T 
Kössel probe 
F CAT AAG CTT ATG CGG CAA AAG GAA GGA AAA TCC A 
Kössel probe 
R CAT AAG CTT CTA TGG TCG GTC CGC GAC CCC TGG A 
Kössel F ATG CGG CAA AAG GAA GGA AAA TCC 
Kössel R CTA TGG TCG GTC CGC GAC CCC TGG 
Briggs F ATG CTG GTT TTA AGA ATG AGT GAT 
Briggs R TCA ATA AGT GGA ATG CAT TAG CTG 
Sense Kössel 
RT TCC GAC CCT TAC TGC CCA ACC TGC 
AS Kössel 
RT ATC TCC CTT CAA CCC TTT GAG C 
Sense Briggs 
RT ACA GGG TAA ACC ACC GCC TAT CAG 
AS Briggs RT TCG CGG ACC GAC CAT AGA ACC CT 
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CHAPTER 5. GENERAL CONCLUSIONS 
 
The biogenesis of the chloroplast is a complex physiological process that requires 
the coordinated expression of a number of nuclear and plastid genes in order to maintain 
normal plastid metabolism (Terry and Smith, 2013). The Rodermel lab has focused its 
attention for a number of years on characterizing two well-known variegation mutants of 
Arabidopsis – immutans and var2 to better understand the pathways that regulate 
chloroplast biogenesis in these mutants (Putarjunan et al., 2013). immutans  is a nuclear 
gene-induced variegation of Arabidopsis that  defines the genes for the Plastid Terminal 
Oxidase (PTOX) (Carol et al., 1999; Wu et al., 1999). To gain insight into the functions of 
PTOX, our main strategy has been to employ forward and reverse genetic approaches to 
identify second-site suppressors of im that either replace or bypass the need for PTOX.  
My primary area of research in the Rodermel lab has been centered on identifying 
second-site suppressors of immutans. EMS and activation tagging mutagenesis approaches 
employed by former members of the Rodermel lab led to the identification of a few 
suppressor lines with a non-variegated phenotype. The molecular characterization of one 
activation-tagged suppressor line (designated ATG791) has been reported (Fu et al., 2012) 
that displays an all-green phenotype due to the overexpression of the mitochondrial 
Alternative Oxidase (AOX2). This suppressor was characterized as a replacement 
suppressor given its ability to completely replace the function of PTOX in the immutans 
background. When I joined the Rodermel lab in 2009, I became interested in 
characterizing by-pass suppressors of immutans. These, unlike replacement suppressors, 
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bypass the need for PTOX in the immutans background and rescue variegation in im.  I 
have characterized two bypass suppressors of immutans – gigantea, a later flowering 
mutant involved in regulating a number of developmental processes within the plant 
(presented in Chapter 2) and ef1A, a cytosolic translation elongation factor mutant of 
Arabidopsis (presented in Chapter 3), both of which offer distinct, photosynthetic 
compensatory mechanisms by which they help rescue the variegation phenotype 
of immutans.  
The finding of gigantea being able to suppress immutans was quite accidental. 
Both im and gi are very old mutants initially characterized by Rédei in the early 1960s 
(Rédei 1962,1967).  Rédei’s early immutans papers described the imgi mutants as plants 
with vigorous vegetative growth in the im background, but gigantea’s role in influencing 
chloroplast biogenesis in the im background was largely unknown (Rédei 1967). To test if 
gigantea can modulate chloroplast biogenesis in the im background, I re-visited this 
double mutant and extensively characterized its chloroplast phenotype in the im 
background. I have been able to show that gigantea suppresses the variegation phenotype 
of immutans during the late stages of plant development through a complex signal 
transduction pathway involving crosstalk with hormones like cytokinin and GA. Genetic 
and biochemical analyses have shown that suppression of variegation occurs in imgi due 
to a gi-mediated de-repression of cytokinin signaling. This de-repression of cytokinin 
signaling also involves crosstalk with gibberellin (GA) signaling, inasmuch as imgi 
phenotypes can be reversed by mutants of SPINDLY (a GA response inhibitor), in 
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imgispy triple mutants. imgi double mutants display other well- known phenotypes 
associated with gi, such as starch accumulation and resistance to oxidative stress. Our 
working hypothesis is that the suppression of the plastid defect in imgi is likely caused by 
a relaxation of excitation pressures in developing plastids by factors contributed by gi, 
including enhanced rates of photosynthesis and increased resistance to oxidative stress.  In 
order to obtain a comprehensive view of the mechanisms by which suppression is 
achieved in imgi mutants, I explored other important phenotypes that gigantea is 
associated with. This led me to then explore the starch accumulation phenotype associated 
with gi. Since imgi mutants also accumulate starch in a manner similar to gi, I became 
interested to see if starch accumulation can be correlated with suppression of variegation 
in im. I then characterized the imsex1-1 mutants that phenocopy the imgi phenotype and 
the phenotypic similarity between the two mutants is likely a consequence of their 
utilization of common elements downstream of GA that reprogram chloroplast 
differentiation and flowering time. My efforts in characterizing the imgi mutant have thus 
shown that gi and sex1 play an important role in chloroplast biogenesis, and my model 
validates this idea by showing that GI and SEX1 regulate chloroplast biogenesis via 
synergistic interactions with cytokinins, GA, and SPY.  
The second suppressor of immutans I have characterized is ef1A. A former 
graduate student in the lab performed EMS mutagenesis on immutans and obtained esm41, 
a less variegated suppressor of immutans. Cloning by map based methods, revealed the 
suppressor locus to code for a protein with homology to an EF1A like GTP binding 
translation elongation factor. However, there were still several unanswered questions 
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concerning the mechanism of variegation suppression in ems41. When I joined the lab in 
2009, I took over the characterization of ems41 and worked towards understanding the 
mechanism of suppression in these mutants. I first isolated the ems41 single mutants - 
ef1A, that showed delayed greening in comparison to wild-type plants indicating a delay in 
chloroplast biogenesis. This prompted me to explore the chloroplast morphology of the 
imef1A mutants at the ultrastructure level. Using a greening (de-etiolation system), I have 
shown that chloroplast biogenesis was slowed down in the imef1A mutants early on during 
development, and that this was functioning to restore membrane biogenesis in the 
immutans background thereby rescuing variegation in im. There also seems to be a 
fundamental interaction between cytosolic translation in general and im variegation. This 
was confirmed by treatment of im with the cytosolic translation inhibitor cycloheximide, 
that suppresses variegation in immutans as well as by crossing immutans with a number of 
var2 suppressors that display defects specifically in the chloroplast translational apparatus 
(as presented in Chapter 3). The ef1A mutants also display decreased maximum quantum 
yield of photosystem II and show reduced accumulation of the photosystem II reaction 
center protein D1. This decrease in D1 protein accumulation is most likely caused by a 
decrease in the abundance of thylakoid multiprotein complexes in the chloroplast (most of 
which are nuclear encoded photosynthetic proteins that get translated in the cytosol prior 
to import into the chloroplast). This causes a delay in plastid biogenesis in imef1A 
mutants, which allows for the accumulation of compensatory factors that bypass the need 
for PTOX and suppress variegation in the im background. The normal biogenesis of a 
chloroplast largely relies on proper import and assembly of a number of nuclear encoded 
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photosynthetic proteins and using imef1A mutants, I have been able to show how factors 
localized outside of the chloroplast can contribute towards the proper assembly of 
thylakoid membrane complexes required to restore normal plastid biogenesis in the 
immutans background. 
As a natural extension to my work on ef1A in trying to understand translational 
control of chloroplast biogenesis, I also became interested in characterizing the functional 
importance of novel short ORFs in the Arabidopsis chloroplast genome (Presented in 
Chapter 4). Short ORFs (sORFs) are short DNA sequences that are able to encode small 
peptides of <100 amino acids. The functional relevance of these sORFs is rarely addressed 
due to the challenges associated with identifying them (Andrews and Rothnagel, 2014).  
Although a number of nuclear genome encoded sORFs have been identified with distinct 
functional roles, sORFs encoded by organellar genomes still remain poorly understood. 
Using a proteogenomics approach (Casetellana et al., 2008), I have been able to show that 
the Arabidopsis plastidic trnA intron encodes a novel sORF that runs in the antisense 
orientation. The trnA intron belongs to the class of organellar introns called Group-II 
introns capable of encoding an ORF typically involved in RNA processing events. I first 
analyzed the transcript profiles of the trnA intron that revealed the presence of antisense 
RNAs associated with this region following which I verified the translational capacity for 
these antisense transcripts using polysome profiling approaches. This novel intron 
encoded plastome sORF is also highly conserved amongst higher plants and displays a 
high degree of coevolution with Maturase K - the only known plastome intron encoded 
protein (IEP) known to be associated with RNA processing events within the chloroplast 
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genome (Zoschke et al., 2010). Using structural modeling studies, I have shown that this 
plastome sORF shares structural similarity with the RT domain of Maturase K, that 
functions in RNA binding and splicing within the chloroplast; suggesting a generalized 
maturase-like activity associated with this trnA intron encoded sORF. Support for this 
notion also comes from a highly homologous (93% identity) mitochondrial trnA intron 
encoded protein – ACRS (found in citrus jambhiri sp.), involved in RNA processing 
events within the mitochondrial genome. Despite the existence of a mitochondrial 
homolog of the novel antisense plastome sORF, using phylogenetic analyses, I have been 
able to show that this invasion of the trnA gene into the mitochondrial genome of plants is 
a relatively recent event thereby making our chloroplast homolog of the mitochondrial 
ACRS protein the original copy of the intron encoded sORF associated with RNA 
processing events within the organellar genomes. Our current working hypothesis is that 
our novel plastome sORF might be part of degenerate ORFs that formed as a result of 
Group II intron evolution, and like other organellar intron encoded proteins (IEPs), may be 
involved in RNA processing events within the plastid genome. 
To summarize my dissertation research, I have used genetic approaches to study 
the regulation of chloroplast biogenesis in immutans by characterizing two new bypass 
suppressors of immutans – gigantea and ef1A (Chapter 2 and 3).  As an extension to my 
work on understanding translational control of chloroplast biogenesis, I have functionally 
characterized a novel Arabidopsis plastome short ORF, that potentially functions as a 
maturase and is involved in RNA processing events within the chloroplast genome.  
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